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ABSTRACT

A brief review of the evolution of light-water reactor safety analysis
. codes is presented. Included is a summary comparison of the technical
capabilities of major system codes. Three recent codes are described in more
detail to serve as examples of currently used techniques. Example comparisons
between calculated “t?sultsusing these codes and experimental data are given.
Finally, a brief evaluation of current code capability and future development
trends is presented.

.
1, INTi70DUCTION

This paper discusses the evolution of llght-water reactor (LWR) accident
analysis techniques and describes three available computer codes to illustrate
current capability. Empha;is is given tc the Loss-of-Coolant Accident (LOCA),
although the analysis methous discussed can also be used for other postulated
accidents. To further limit the scope, the di~cussiun will be restricted to
systems-analysis codes, i.e., those that d~scrihe the overall ●!leKtTiaJ-
hydraulic behavior of the entire primary, and in some cases, secondary system
during an accident.

Mcst of the analytical development effort over the past 14 years has kJCPI’I

devoted to the large-break LOCA, The accident at Three-Mile Island, however,
has re~ulted in an increased priority on techniques that can deal with the
much lonqer transients that ensue from smaller leaks. Although most of the
material in this paper will concentrate on the traditional larqe-1.reakLOCA
ana!,ysismethods, their applicability to small break accidents will also be
discussed where appropriate.

Much of the earlier work also focus~clon dcvclnpmcnt 0[ licrInring,{II’
“evaluation model” (EM) codes. These Coflesembody a num})erCJL a(JI’ro(?dUpon

“cons~rvatioms” in the modelina to con(orm to establishf?d licensing rules.
Recently) there ha~ be~n more emphas~o on developing “bel;t-entimatu”codPrI
tl:at try to model th~ system behavior an accurately a!;pcmsible. Sucl)Ctl(lr::
are much more amenabl~ to exper~rftentolanr.ien~mentand can Merve tc) cvalu,’t(’
thn safpty margins inherent in M mod~!ln. Emphaain in thin paper in LMIl)c!;t-
Qatinwte codr.I.



In the first section, we trace the develotient of LWR accident codes from
1966 through the present time. This will include a discussion of the role of
analysis in LWR nuc~ear safety research, followed by a review of some of the
important physical phenomena that have been identified, and the associated
technical issues that have required resolution. Finally to illustrate the
b.eadth of the effort and the substantial progress that has been achieved, a
chart summarizing the historical evolution of safety code capabilities is
presented.

The next three sections are devoted to brief descriptions of three recent
accident-analysis system codes developed or under develc+pment in the

United States. This will include selected separate effects and integral
systems test data comparisons. The last section briefly summarizes current
capabilities and anticipated development activates.

The three system code descriptions qiven in this chapter include brief
discussions of the numerical method~ involved. More detailed information on
the null~ericalmethods is presented !n Appendix A at the end “of Chapter 19,
where some of the pertinent basic numerical concepts are reviewed and several
buzz terms us-d in the code descriptions are defined. Tileappendix at the end
of this chapter and Appendix B after Chapter 19 present examples OL the finite
difference equations and solution strategies used in current reactor safety
codes.

1.1 The Role of Analysis in LWt?Safety

Analysis has played a unique role in nuclear reactor safety for two main
reasons. First, the full-scale demonstration experiments (or actual events)
that are normally available to evaluate the accident behavior of industrial
products (e.g.~ automobiles and aircraft) are not available nor practical to
obtain in the case of nuclear power plants. This is because the diversity of
reactor system designs and the numerous potential events to be considered make
the required large number of full-scale experim~tltsprohibitively ●xpensive.
Conseqllently,a greater than usual responsibility t?as been placed on the
reactor safety analyst to he rigorous and accurate in the developing and
testing of analysis tools.

A second, and perhaps related, reason stems from the philosophy that has
evolved in the United States of making extentiive use 0[ anz.lysis as an

investigative, design, afld evaluatic]n tool, Let us briefly examine this
philosophy, First, nuclear PI lnts are designed to be clearly sate in normiil
operation and incorpordtc substantial allowance for off-normal operation and
system/component failures. Second, analyses are used to determine thwnv
system/component failures that Could affect safety so that appropriate
preventative actions may kc taken. Third, it is still presume(lthat somo of
the system/component failure:;will OCCUI and that the providlxif;af~tyff,aturen
(with maK9in anrlredundancy) w)ll kwp the Ruclvar plant safo iII spite 01 sII(”h
failures, Finally some of the sdfety fcatureu themselves are assume~ltl>fail
during the accident~ they arl!d,::lqnedto mitigate so th~ cons?qucn(:escan 11~
analyzd, This prr)imt?aaof’rcprntr:]in~~cntigativvanaly:;isi?;ulwd to irlontify
~a~ihle weaknonfiesof nuclear :mnfet\’systcm:;so they can ‘)P rectifie(l.
rcnlllt

Tl}o
in to roducf? the crrvlil)ilityof sevurc Illltilearaccidrnt~ to lln

~CCOpt~lJly low ]CVC1, I’h(iu,t~u~lcilr -sy:;tnmnafety anrly~i:;hnr: hevn nnllwill
continue to he n very important.(*lem{*ntof Lh’Rnurle.nrsalot,y,

‘l-- .,
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1.2 “Scopeof Analysis Development

The development of analytical methods for reactor safety analysis has been
one of the most comprehensive analytical efforts undertaken in the
United State~. This effort has involved several national laboratories, indus-
trial firms, government agencies, and many universities working coopera-
tively. The completeness and accuracy with which LWR transient behavior under
UXA conditions can be modeled has improved steadily. The analytical tools
are continuing to be improved and tested to achieve even greater accuracy,
predictive reliability, and economy.

The development of these methods has been
challenging task, The physical phenomena that
accident conditions have required the development
associated nu.erical solution methods. The large

and continues to be a ver”?
can exist under postulated
of new analytical models and
number of components and the

complexity of accident phenomena have necessitated innovative application of
even the most sophisticated modern computers to achieve the desired results in
practical computation times.

The requi ‘writ to model two-phase fiow conditions has either directly or
indirectly af ;~ted for the greatest part of the technical development
effort. Und,v I,uCAconditions, nonhomogeneous (relative motion between the
phases), none j.lilibrium (temperature difference between the phases), and in
some cases, multidimensional flow effects can be important. New hydrodynamic
models had to be developed to account for these phenomena. The presence of
two-phase flow also influences the performance of pumps; the flow-through
valves, orifices, and postulated breaks; and convective heat transfer
mechanisms. The ability to model with accuracy the discharge rate from an
assumf?dsystem leak is particularly important since it determines the rate of
coolant loss aridsystem dcpressurization.

Another important area is that of heat transfer, Under design conditions,
the heat transfer process in a reactor core is in the well charactelizm
subcooled and nucleate hoilinq regimes. However under postulated accident
conditions, the heat transfer ext.rnds into the transition and film boiling
regimes. During the emergency coolant reflood phasl’, the maximum core
temperature is dependent upon the detail~ of the film boiling process and in
particular, on the trdnsitim back to nucleate boiling associated with
quenching the hot fuel ,,0(1s. Axial heat conduction along the very steep
temperati~regradients near she quench front is also very important,

Substantial progress has linen made in underatanfling basic two-philsv
thermal-l,;wlraulicphenomena an’] in their quantification with empilical cor-
relations. These phenomena and their characterization have been the topier of
several other chapter:). The main purpose of systems-analysin conq>u:~rcotir!s
is to synthcrr~zethis krmwlmlgc into a consistent framework ~:fconsl~rvatirm
relat.io~sso that they cJn I)o:i~)pl.i=dto practical rcactr]rRafrit;l}lrut~lems,
Th? advan+~clcof comput(’rmodeling in th,ltit allown on~ tu treat th~ (.’~ml-
plexjty int~rent in react.nraccldrnt t)~havior. Advdnwn in cum~wtel anirlyni::
techniques I,lve had to go hanrl-in-hrnd w~th advances in ptlenonlen~)]n[li(’,11,
modeling, More cffjcirnt and rclial)lcnumerical nolukion strnt~gieu hrIvI1hrwl
to be dev?iopd. IEIfJUf!!Isuch an cxmverq~ncr, accura~!y,!~tilllility,an(;(IC’I)II(WIY

have alrm hnd to k~e addressl’d,

l%r examplp, One ~srlue of wide dincu:lnion han been the formulatit)nor ,1
mar:roscopic mc)uel for tw~,.pll,l!leflow.1 Att,emptn to formulot~ th~! mil~ro-

EIc[Ipi(: Eulcrian-typ~ quationo fur n nonhomoqencoun tw(~-l)t~anf} mixtur(! htIv(I

-1-



. . .
resulted” in systems of differential equations that have complex charac-

2-4 ~is may imply anteristics (sometimes referred to as being ill-posed).
unstable character for solutions to initial-boundary value problems. Several
sets of ●quations have been proposed, even some that have real roots, but
there is no single set that has universal acceptance. Most agree that the
difficulty is a result of the inability to describe accurately the differen-
tial character. of all the fluid interactions and the inability to charac-
terize the covariant terms that arise in the integral averaging process. Even
though this issue lacks complete resolution, it has not prevented the develo -
ment of successful numerical models for the flow of two-phase fluids.6-1

The reason for this is that the imperfection in the differential models
primarily effects the short-wave length behavior of the solutions. Generally,
these effects are at shorter wa~’elengths than can be resGlved numerically for
practical mesh spacings. Thus, the ill-posed issue is of more academic than
practical importance as far as the accurate simulation of LWR systems is
concerned.

Stable” soiution behavior is achieved through the damping or numerical
dissipation inherent in the schemes used to solve the differential equations.
This numerical dissipation is the result of implicitness, use of donored-flux
terms, and inherent viscosity associated with the difference operations. The
net result is that the shortest wave-length components of the initial data
decay and a well-posed numerical initial-boundary-value problem is obtained.
The complexity of most models makes analytical investigation of stability
impractical. Stability has been achieved by use of methods proven to be
stable for simpler problems and then investigated by numerical experimentation
with representative tc’stproblems.

The accuracy of analytical models and associated numerical schemes has
many facets, i.e., accuracy of the physical description, fluid propertied,
empirical correlations, and numerical discretization. When calculated results
are compared to datal all of these inaccuracies ,.recombined. caKefUl StLldy
is required to ceparate the sources of inaccuracy. Experience with a parti-
cular method gaine~ through application to many separate effects and integral
system experiments 4S prot.ablythe best and usual assessment technique. The
quest for accuracy is sometimes at odds with the need for economy in terms of
required computer time. The use of multidimensional and complex system repre-
sentations can result in very large sy:tems @f equations that must be solved
with attendant iarge computational times. The balance between detail of
representation and economy is one that ctlnvary, depending upon the end use of
the rewlts. If sy~tem component intpralt.imnis of interest, then the entire
system must be represented even if a compromise in detail is required. If, on
the other hand, the phenomena of interest are local or of short duration, th~n
a more detailed representation can be used.

A related issue is the trade-off between ~impl~, anti often highly
emDlrical, models and more complex models that are rooted more strongly in
fundamental principles. Although the more empirical modelg a~o often more
economical, they may nut.extrapolate to IIPW (and untested) regimes as rcliallly
as F.hemore fundamental modclu,

Thr!ext~nsive L’angeof operation of LWR system components under ~;tulntrd
l~A conditions places tan ndditicrnal burden on the model~r. Small
pertl’rl;utiontheory of linrtirmodel:j is too restrictive to he of usc under
nuc!h condition since many cumponcntu oncl the physical phenomenn exhibit
highly nonlinear b~l~avi~lrover thr range of interest. Thu!;, each ny:;tom
cumpmont model nccd~ to be very gcn~ral and capable of operation over a wide
range, AU an example, a putn[) mod(!l mu::t be Capal)l(! Of r@preU@fltAfl(J the

-4”



performance for both positive and negative flow, Psitive and negative head,
forward and rcve[se rotation, and fluid conditions ranging from subcooled
liquid to all vapor. Such comprehensive representation is frequently made
difficult by a lack of data covering the range of potential operation.

2. EVOILITIONOF ANALYTICAL METHODS

In the pas’t14 years, significant progress has been made in all areas of
nuclear safety research and development. In particular, the LWR system codes
used for safety analysis have improved substantially. The purpose of this
section is to summarize the evolution of this improvement.

2.1 Historical Perspective

The year 1966 is a reasonable point of reference from which to measure
progress because on October 27, 1966, Mr. H. L. Price, Director of Regulation,
U.S. Atomic Energy,Commission (AEC) appointed a task force ,toconduct a review
of powec reactor emergency core-cooling systems and core protection.g
Mr. Price’s letter of appointment stated, “Because of the increasing size and
complexity of nuclear power plants, the AEC regulatory staff ar,d Advisory
Committee on Reactor Safeguards (ACRS) have become increasingly interested in
the adequacy of emerqenc.~core cooliny systems and the phenomena associated
with core meltdown .

There are four
continual evolu~ion
United states:

II
. .

principal driving forces that have contributed to the
and improvement of nuclear safety system c>des in the

1. The a pointment and subsequent report of tlw task force mentioned
above, 5

2. The emergency cole-cooliny (l?CC)hearings,10

3. ‘the research and development. ‘onducted in accordance with the Water
Reactor Safety Program Plans,’ and

4. The philosophy of nuclear safety design and evaluation that has
evolved in the United States.

The codes used hy the pressurized-watar reactor (PWR) .,nd br>iling-water
reactor (BWR) vendors have e~olved somewhat separat(.~ because of tho
different gedmctry and translerl~behavi]r of the two reactor systems. In
fat:, the EWR codes used for LOCA analysis have remained relatively constant
irl form ad content although they have been influenced by tilesubstantial
changes in the PWR system-analysis cades, The main emphasis in the [ollowinq
discussions will he devotr?dto the PWR system-analysis ,code evolution unlesc
otherwise indicated.

FI.ASR12 is the cjcn’~!+isaf the reactor system code!+ uI;e(ltor larg~-l>roilk
PWR LOCA analysis. It was dtveloprd in the U.S. Naval program. The Eollowinq
statements from page vi of Ref. 12 will help illusLr~tc thq state of this ty’x!
of analy~i~ in 1966 and the proqrcss achieved in 1,4years.

- ‘i-



until the water inventory fell below some preassigned critical value,
after which core cooling has been ass’~medto be essentially zero. In
using these treatments, results were found to depend critically upon
the a-priori assumptions concerning the separated or homogeneous
state of the coolant and on the value assumed for the critical water
inventory. In general, it has been impossible to justify any
particular set of assumptions on technical grounds.”

The authors go on to say,

“It was to avoid the necessity for making these a-priori assumptions
that FLASH was developed. FLASH divides the primary system into
three volumes, each of which contains both a homogeneous mixture and
a separated steam phase. The degree of separation is calculated
continuously. The explicit core-cooling calculations avoid the need
for any assumptions concernirigwater inventories.”

The authors were also quite realistic about their achievement and were pro-
phetic about where improvements could be made.

“The model used in FIASH represents a considerable simplification of
the actual system geometry. On the other hand, the FLASH model at-
tempts to account for the behavior of every component of the primary
system during a loss-of-coolant accident. At present, data on the
performance of many of these components under the extreme off-design
conditions which prevail during a loss-of-coolant accident are un-
available. As this information becomes available, it can bt’factored
in the existing structure of FLASH. For the present, however, FLASH
provides a con~iderab~.eextension of our ability to calculate what
might happen in the primary system during a loss-of-coolant arcident.”

Table I illu~trates the chronological development of the principal PWR
oriented codes from FLASH and FLASH-2.13 The RELAP(SE) series7’14-19 and
TRAC8 have all been sponsored by the U.S. Nuclear Regulatory Commission
(USNRC) or its predecessor the Atomic Energy Commission. All the FWR vendor
codes have developed in a manner similar in substance to the USNRC-sponsored
codesJ therefore, they will not be separately addressed for purposes of
hrcvity.

It is important to note that RELAP5/MOD012 and TRAC P1A13 are offset
in Table I to illustrate that they represent a quantum step forward in tech-
nical capability, flexibility of use, user convenience, level of experimental
assessment, &nd potential economy of operation. RELP5/MODO and TWC PIA were
developed because it was clear that the RELAP series up to RELAP4 could not
achieve the technical capability, flexibility
economy of operation required for best-estimate

2.2 Technical Evolution of System Codeg

of use, user convenience and
nuclear safety calculiltionfi.

TJhlc 11 illustrate Ll}ct.c~:hnicalevolution of the computer codeu listr’d
in tlwir chrrmoloqical order CIfd(!velopmcnt in Ttihlc 1. Most of the cate-
gories uuerlto clafisifythe capal,ilitif~};rJfthe c(~de~were previously used in
Ruf::.20 and 21. Theo{-Catr:qorif!:::llp ~ntendcd to bc representative’of the
nignifi~:antprogre:l:;achi~ved hy cacllcudrIand arc not intended to be com~jlete
in th[!al)~;olute!Ienae (If liutinq every imprc)vcmunt each code re[)re%cnted. q’),~

fm)st niqnil’icant advance(~) ole~red by eaf”h cvd~ is highliyhteri IJY tll~

iiccentodro~’tanqlc(:;). It i:;clear that TIWC and RELAP5 are quite superior
technic-allyand mt~ctianint~callytt)thp ott)l~rCCKI(*:;,

-()-



TABLE I””

CHRONOLOGICAL EVOLUTIONOF LWR LARGE-BREAK-LWA SYSTEM CODES

Computer Code Name Date

A. Homogeneous and Equilibrium
Hydrodynamics Equation Base:—

1. FLASH

2. RELAPSE

3. F’LASH- 2

4. RELAP 2

‘5. “REL.AP3

6. RELAP4/MoD3

7. RELAP4/MoD5

8. RELAP4/MOD6

9. RELAP4/MoD7

May 1966

September 1966

Ar)ril1967

March 1968

June 1970

October 1975

September 1976

January 1978

March 1980

B. Nonhomogeneous and Nonequilibrium
Hydrodynamics Equation Base

1. TRAC (PIA and BDO) PIA - March 1979
BDO - February 1980

2. RELAP 5 May 1979

It is worthwhile reflecting on the contirl’~~.ngincessant drive for tech-
nical excellence, completeness, and precision illustrated by Tal)lcII. In tile
ongoing develoF,lmnt of LWR technology, plant designs have [J13COMC more
sophisticated? power densities have become higher tc improve economy, and

available reactor plant sites have become less favorable. At the same time,
people have become more concerned shout the quality of their environment.
Tt,esefactors, in addition tc)the four mentioned earlil’r,generated increasing
needs fGr improved plant inteqrity, reliability~ and assurance of safety
system performance. These increasing needs placwi further demands and
responsibilities on analysts for measurability in design and safrty assess-
ment technique and rigor in their application. TIIP basic principles are
recognized, Special emphasis was given to determining the important LOCA
physical phenomena, translating the LUCA phenomena into equations, solvinq the
equations n~merically, mo.ldinqthe equations in computations, ●valuating the
relative conservatism and realism of various assumptions~ and testing the
resultant systcm computer codes for completeness and precision using data frcm
compnent and systems experiments.

-7-



TABLE 2

TECHNICAL Comparison OF LMR LARG[ LOCA SYSTEM CODES
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TABLE 2

TECHNICAL C@lPARISON OF LUR LARGE LOCA SYSTEM CODES
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3. RELAP4/MOD6 DESCRIPTION AND EXAMPLE COMPUTATIONS

The RELAP417-’19 computer code was developed to describe the thermal-
hydraullc behavior of LWRS subjected to postulated transients such as a
loss-of-coolant, pump failure, or nuclear power excursion. It can also
analyze the behavior of part of ~ system, provided the appropriate thermal-
hydraulic ~c’~ndary conditions are supplied. It calculates the interrelated
effects of coolant thermal-hydraulics, ;ystem heat transfer, and core
neutronics. Because the’ program ‘was developed to solve a large variety of
problems, the user must specify the applicable program options and the system
to be analyzed.

?.1 Program Status

RELAP4\MOD719 is the most recent version of :7 RELAP4 code to be
released for general use. At this time, RELAP4/MOD6 is probably the most
extensi’~ely used versioil of the code and most of” the discussion herein refers
to this version. Where appropriate, improvements that are available in MOD7
will be described.

RELAP4/MOD7 is the culmination of an extensive development effort. This
series of codes is based on a homogeneous equilibrium fluid model (HEM) to
whi ch many refinements have been added to give a partial account for
nonhomogeneous and nonequilibrium ef~e~ts. The advanced codes, TIUC and
RELJ+P5, are based on more fundamental approaches for modeling nonhomogeneous
and nonequilibrium two-phase fluid flo-,~, and in this respect, they represent
significant departures from the RELAP4 efforts.

In spite of the limitation of the HEM assumption, these codes have served
a very useful function and have prcvided ‘he nuclear industry with a [~[%’er~ul
analytical capability. This capability has been utili.?ed extensively in the
design of safety systems and has played a key role in the power reacto~
licensing process. In fact, the RELAP4 code is still the basic analysis tool
for demonstrating that the licel~sing requirements Fan be met by a particular
plant design. The shift of this function to the advanced codes will occur as
experience with, and confidence in, these codes is established.

Those versions of RELAP4 up to and including RELAP4/MOD51-’ were intended
prin~rily as blowdown and refill codes, i. e., they were designed to calcul,ntc
system phenomena from initial operating conditions to th~ time of plpc’
rupture, through system decompression, and up to the initiation of core
recover~ with emergency core coolant. In the RELAP4/MOD618 version, the
calculational capabilities were extended from blowdown and refill throuqh core
reflood for PWR systems. Finally, RELAP4/MoD719 includec improved user
conveniences and modeling impruve,ncnts that permit a continuous or int~qrtil
calculation of the blowdown and reflood phases 0[ a LOCA.

The evolution of R.EL,~P4 has passud through many cycles of moflcl r~visi(jn
and addition to extend its applicability to situations Wtler(, tll~ I>(l!; 1(’

assumptions were in~dequate, ‘i’his process lcrl to the production U( model:: to
account for nonhomogeneous and nf~nequilibrium effrctsi Tt]ese models arc tlol
completel} general and, cons~quently, r~’quire considerable knowledge on thr,
part of the user to produce corrcck ~csult::, For the5e reasons, and in view
of the progress of L,+C advancct) ct)dc s, the Ri?1,AP4/MOD7 version 0[ the code i!:
to be the last of thi,~ $eries,
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3.2 ‘ModelDescription

The RELAP4/MOD6 program consists of program controls, fluid dynamics
models, heat transfer models, and a reactor kinetics model, all coupled by a
numerical solution scheme that advznces in time. Each of these parts is
sllmmarized in the following praqraphs.

Program Controls. The program input features are used to specify the
problem dimensions and constants, time-step size, trip controls for reactor-
system transient behavior, and o~tput, Col~trols are also provided for
restarting a problem and producing a plotting tape. There are three basic
options that are selected by input--Standard RELAP4, RELAP4-EM, and RELAP
CONTAINMENT.

Hydrodynamic Model. The basic modeling philosophy embodied in the RELAP4
code is one in which the system to be modeled is divided into a number of
sutiontrol ,volumes, that are connected b: junctions or flow paths. Mass and
energy are cor.served in each control volume a?d an approximate momentum

eqcation is used tG calculate the flow at each junction. As RELAP4 has
evolved, nl~merous specialized models have been developed to accaunt for
phenomena such as phase separation, thermal nonequilibrium, heat -transfer
effects, pumps, valves, multiple stream mixing, etc. The user must specify
through the progrcim controls which of these models 1s to be used in a
particular problem. Such modeling decisions do influence the results, and
care must be taken that the models are not misappl$?d. The model variations
are too numerous to describe in this limited discussion, so the int~rested
redder is referred to the users manual.?. 17-19

The RELAP4 hydrodynamic model i: b.dsed on the assumption that the flow
process is essentially one-dimensional so that area-averaged properties can be
represented as functions of one space variable and time. In addition, the
basic model assumes a homogeneous and equilibrium mixture exists at each point
in the system. The mass, energy, and flow equations are integrated over a
fixed control volume to obtain integrated stream-tube differential relations,

The HEM model includes only the mixtl’,re mass conservation equation. T))P
basic mass-dependent variable is the fluid total mass or the drnsity in eacl~
control voll]me, The mass fluxes at each junction connected to a control
volume are defined by Incans of a donor formulation, l.c., the fluid propl’rties
of the sourc~ are used to compute the mass flux.
mocle122

A Wilson bubble rise
caI\ be selected I)y the user to approximate nonhomogeneous effects in

vertical control volumes, and a slip model is available for approximation of
nonhomogeneous effects in horizontal control volumes. Both of thrsc models U5P
emperical constants spccifled I]y the users.

Like the mass cvquation, the HEM model only includes the mixture tot,nl
energy equation. The mixture internal energy in the fluid control vulume ic
the fundamental dependent variable and is expressed in terms of the junction
energy flux and fluid total cnthalpy, Here again, a donor formulation is USI?(I
to establish the jui~ctiol~ cnergi properties, although an “2nthalpy tlanspnrl.”
model can be epccified to cjivc a partial account for nonhomogpnoi]:; uncl nor)-
equilil)rium effects. The entholpy t~an~purt model con~istc of a quasi-steady
approximntlon CO tl]c die.tribution/energy source terms ~n ti,at the junctiun or
“edg~” cnergir:s dif’fcr fuom the volume averags valuen in a manner rlcp(!n(lnnt
upon the proccn::. This MOC1O1can be uscrl to approxirn,ltu the nonequilibri~m
I?ff(!ct!s (Iown:;trotlm 0[ omcrqt~nc.y core coolant tE~C) injection pnints an[l to
approx~mat.f’ the unorgy qra(]ients I]rcrellt ill tt)c r17f10G(] l)roccn!i,

-12-



Four ‘basic forms of the fluid flow equation have evolved and are included
in RELAP4 .17 Each form is based on a particular set of assumptions. The
user must choose the form most appropriate for a particular junction. The

four basic forms are: Form l--Compressible Single-Stream Flow with Momentum
Flu:{, Form 2--Compressible Two-Stream Flow with One-Dimensional Momentum
Mixing, Form 3-- Incompressible Single-Stream Flow without Momentum Flux, and
Form 4--Compressible Single-Stream Integral Momentum Equation.

The choice of the flow equation form depends upon the purpose and detail
of the desired calculation. Forms 1 and 2 include a one-dimensional moment.~m
flux term. These are applicable when the control volumes represent ? one-
dimensional stream tuba. Form 2 should be used only when two streams can
combine and exchange moment~ on a one-dimensional basis. Form 3 provides art
alternate to the compressible flow equation with the momentum flux term for
modeling multidimensional geometries, An alternate form of the momentum
equatic.n developed by Zuber23 is obtained by using a different control
volume approach, yielding the compressible integral momentum equation (Form 4) .

Heat Transfer Model. The transfer of thermal energy b,’tween the fluid and
the boundaries is modeled by a combination of transient conduction and
convective heat transfer correlations. The thermal interactions that are
modeled in this way include reactor fuel pin to fluid, steam generator primary
fluid to wall to secondary fluid, and vessel/piping system stored energy to
fluid. Models also exist for internal heat generation in the wall or fluid
due to electrical or gamma heating. The transient conduction is calculated
using a Crank-Nickolson finite differ;~ce technique for the one-dimensional
transient heat conduction equation. Slab, cylindrical, or sptlerical
geometry can be represented, The IJeometry and conditions of the heat
conductor are specified by the user.

The convective heat transfer at fluid boundary interfaces is the bounclary
condition for the transient conduction solution and is the source or sink of
thermal energy to the fluid, The code uses convective heat transfer
correlations to calculate the critical heat flux (CHF) , pre-CHF heat transfer,
and post-C1lF heat transfer, The basic approach used in RELAP4/P’>D6 is to
construct a heat transfer surface for the wall heat flux as a function of the
wall superheat and fluid quality, This heat flux surface is constructed from
a vari~t-y of correlations for different ranges of the independent variat)les.

In genelal, it is necessary to represent a wide range of conditi~lns from
subcooled liquid forced convection to two-phasv film boiling, The details of
this nubject are rli:,cusscrl in other chapt~ru, The users manual for a parti-
cular code version of intcrevt should bc consulted for specific information on
the correlations used.

~~)ncnt Models. Tho hydrodynamic ancl heat transit’r models arr q~li ( 0
general and can ‘b; applied t () any thermal-fluid tiystem (within limit~
establisht?rl by the banic :Isuurnptions) , However, thcro are ncv(Iral mod~lu t.tl,tt
are Specific to certain component:; such as purnpn, jet pump:;, fuel r(lfl::l
valve::, controls, etc. These aru l~rir?fly clr:jcribe[i in the following.



fluid void fraction. The transient ~chanicdl o~ration of the pump is
modeled by applying the angular acceleration relation for the pump and motor.
The motor power is variable to enable pump trip and coastdown to be simulated.

For jet pumps, the momentum exchange between the drive flow and the pumped
fluid is nmdeled using a special fo~m of the momentum equation that includes
the mixing effect of multiple streams at different velocities. Discon-
tinuities that oc:ur upon flew reversal are smoothed.,,

The iuel model consists of a space independent model for the fission- and
radioactive-decay enesgy generation processes. The model includes reactivity
feedbacl:effects from the fuel temperature, water density, and water tempera-
tures. The kinetics equations are solved using a numerical method similar to
the IREKIN25 code. The thermal energy generated in the fuel is transferred
to the coolant by means of conduction through the ceramic fuel pellet, across
the interface/gap between the fuel and the clad, and finally, across the
clad. The conduction through the fuel pellet and the clad can be accurately
characterized, but the conduction across the fuel/clad interface requires
greater detail. The gap dimension varies with fuel and clad temperature and
even when the fuel and clad are in contact, there remains a significant resis-
tance. A dynamic fuel mdel IS included for establishing the gap resistance
due to change in the gap di:nensionsand change in pressure of the gas within
the gap. Several other phenomena such as axial fuel/clad expansion, fue~~clad
swelling, and metal-water reaction are also considered in the fuel model.

On/off and check-valve models are included. The on/off valve is acti-
vated by a logical test on one or a combination of system variables such as
timel pressure, temperature, etc. The check-valve model can include the
effect of fluid forces and the inertia of the POPIF..

Control functions can be simulated by means of logical trips using time or
any system parameters. The action that can be taken includes reactor scram,
open/close valves, motors on/off, and even some change to tk,cmodels that are
employed for a ~eriod of operation.

Solution Method. The basic numerical scheme used in RELAP4/MOD6 anrlMOD7
the same as the original scheme developed for the FLASH4

~~d~rnt~~~lyapproach consists of exl,rnssing the pressure in each control
volume in terms of the corresponding mass and energy that exist in the volume
at the end of a finite time interval. ‘rhe●xpressions thus obtained for the
pressures are in terms of the junction mass and energy fluxes so that substi-
tution of these expressions into the momentum or flow equations at the appro-
priate junctions results in a system of coupled linear difference ●quation~
for the junctionu flows. The coupling for a system uf con6ecutivn control
volurncsis such that iItridiagonal matrix of lin~nr equations in the new time
junction flIJwsiG ob~~ined.

When branches or cross connections arc present, the solution :Ilatrixis no

longer tridiagonal. Thus the general solution schume fcr the ~y~tcm of
equations conn]::t:,oi a reduction algorithm by which the tridiaqonal portion::
of the matrix ;Irr r~?duccd dir@ Ct].’/ followed by inveruiun of the r~flucml
matrix. The matrix inversion can he accomplishcrl by direct or itcrativi!
mr+thodr!.The RELA}14/NbD6 mlution achcme uses a dir~ct matrix solver fur
nmall ❑ystcms, lc~n than 14 volumes, and an iterative scheme for larqr !;Y!;-
temc. When the it~rative tiol(ltionnchcmc is uac!d,the tlm~ step mutitbc nmall
cnouqh to olIt.aIna diagonally dominant matrix,
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Once the solution for the junction flows ‘ is obtained, the remaining

variables such as control volume mass~ ener9Y# Pressure? etc.~ are obtained by
back substitution into the respective conservation equations and use of th~
conbtitutive relations (equaticn-of-state~wall friction~ heat transfer~ ,?tc.).

Programming. The RELAP4 program is written in FORTRAN IV, and the t40D5
and MOD6 versions are ope:able on both the IBM-360 and CDC-7600 computers;
while the MOD7 version js only operable on the CDC-7600 and -176 series compu-
ters. The unning time of a RELAP4/MOD6 loss-of-coolant problem can vary from
minutes tm ~urs, depending primarily upon the number of fluid volumes used,
the coolal break size, and the number of heat condllctionnodes used through-
out a given system representation. For LWR models ranging from 15 to 40 fluid
volumes, running time through refill may range from 15 to 60 minutes or more
on the CDC-7600 and from 2 to Elhours or more on the IBM-360/75.

3.4 RELAP4 Example Calculations

The RELAP4/MOD6 code has been used extensively in integral system simula-
tions for some time, and for this reason, we will present results for one
‘.ntegralexperiment. The example is a recent Semiscale Mod-3 test, S-07-6,
which was included in the assessment effort on RELAP4/MOD6,28 This experi-
ment has also been modeled using RELAP5 and thl]s serves as a basis for com-
parison of the relative performance of the codes.

Mod-3 designates the latest m~]or hardware modifications in th[~Semiscal~
Test Facility, Whereas early S~miscale testing was directed towar(!Loss-o[-
Fluid Test Facility !LOFT) counterpart and blowdown heat transfer experirnents,
Mod-3 was designed to model LOCA behavior in PWRS more easily.2g Th(,Mod-.!
system differs from the previously operated Mod-1 system in thrur important
aspects. First, Mod-3 has e new vessel that conttiinsa full-length (3.66-11’1)
heated core, has a full-length upper plenum and upper head with internal
structures representative of those in a full-sized PWR with upper-heafl
injection (uHI), and has an cxtsrnal downcomer. Second, an active pump and an
active steam qcnerator have been added to the broken loop. Third, the llre~k
simulation has the capability to represent communicative breaks of varioun
sizeG, Fig. 1 iE an imnotric sketch of the Mod-3 facility shc)winqthe mm’.
important frsature~.

Test S-07-6 was the first integral blowdown and reflcxxlrxperinwnt to lM
performed in the Mod-3 system, Thr tent w~s a 2011% cold-ley Lr@ak with
cold-leg ECC injection. A cunplntc set of initial and opc:rating conditi{m:i
for th~fi tm~t is q~ven in Pcf. J(),

REmP4&OD6 Mrxlcl for Semiwalp Mrxl-3mot :;-07-6, ‘l%mIWLAP41’M(W6mc)(~l’1n— - --— --= ——.—-— —
were used to prcclict the l-vit~r of l’eut S-07-6~” A ~IIC)W(ll)Wll III(XIII1 WiI::

used to caiculote th~ transient respnsc from thp kAMo of t,hn !IiIIIUICtLfttl IJIIIiIIIl

hr’oakuntil th~ cnd 01 thn lowr’r-ltl.cnumrefill, A fi~pt~rint~’1~’fll}~jtlmrMtoLWCI::
une(lto modfilthe ro[lcxxlpr’riudt.llr(mghrod quench,

The modol n[]lldlizllti(jllclillqramu!;I*dIn tl)t~ analynl~i
refill phase::

or t.hl’I)lowdowll”01)11
iFlnl)own in k’i!J,2. ‘1’hnmlxlrllncludru 52 c[mtrol v~~lum~luand

67 junctiunfi, Onr control volumll i:~U:;(TLIt(jrepr~nent thr lowrr ~)lrnilm,OIIP
the cure mixer Imx, flntl two !:(’t::()[‘ivi~lun!l’nfor tl}r Ilot nnd nv(’ritgrl{:lianllol::



A total of 50 heat slabs was used to represent heat conducting solids in
contact with the coolunt in the core, downcomer, steam generators, vessel, and
piping. The high-power rods in the core are represented by 12 axially-stacked
heat slabs, and the low-power rods are similarly represented by 5 heat slabs.

The heat transfer correlations used in the calculation are highly
influential in ,determining the core thermal and hydraulic response. In this
pretest prediction, the set of RELAP4 heat transfer correlations designated
HTS2 was used. The heat transfer correlations as they are applied in specific
regions of the boiling curve are tabulated in Tab!.eIII.

The vertical-slip option was used in all downcomer, core-, guide- and
sup~rt-tube junctions. The bubble-rise option was used in the following

. locations: (1) intact- and broken-loop accumulators, (2) the pressurizer,
(3) the intact- and bLOken-100p steam-generator secondaries, (4) the pressure
suppression tank~ and (5) the upper head. The bubble-rise model was used in
the up~r and lower plenum, to be consistent with the use o,f the slip model in
the core.
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TABI& III

RELAP4/MOD6 HEAT-TRANSFER CORRELATIONS, TEST S-07-6

RegiOn Correlation——

Subcooled

Saturated

Subcooled

High-flow

High-flow

forced convection Dittus Boelter

nucleate boiling Chen

nucleate boiling Modified Chen

transition boiling Modified Ton-Young

film boiling Condie-Dengston

Forced convection to vapor Dittus-Boelter

Low flow, low void fraction Hsu antiBromley-Pomerdnz

The critical-flow model used was the Henry-Fauske/Homogeneous Equilibrium
model (HF/HEM). A multiplier of 0.84 was used wiLh the HEM for saturated
blowdown and 1.0 was used with the subcooled and saturated HF critical-flow
modl=l. The transition quality was set to the default value of 0.02, The
break no;zles are modeled as Junctions 26 and 27.

~eflood Analysis Model. The nodalization diagram for the model used to
analyze the reflood partion is similar to that for the blowdown portion, shown
in Fig. 2, but with the following differences. The downconwr is modeled by two
fluid volumes rather than the four volumes used during blowdown. The pres-
surizer volume was discarded to reduce computer running time since the pre:;-
surizer empties during blowdodn. Further ncdalization changes include fewer
volumes in piping, plena, and the steam-generator primary side.

The incompressible momentum equation fl’rm that excludes momentum-tlux
terms was used for the reflood analysis, i.e., kinetic terms were assumed tu
be small. Phase separation was modeled in the upper plenum and in the two
downcomer volumes. For the upper plenum, the Wilson bubble-rise model was
used. Cc~mpletephase separi+t~o, was assumed for the rlowncomervolumes.

initi,~lcondition~ lor ttlereflood analysis were taken from the Llowdown
analysis at the calculat~d end of lower plenum refill. Because th~
nodalization was different for the two analyses, an attempt was mad: to
preserve fluid quality in regions that were lumped together, Heater rud
t~mperatures were reinitialized at current fluid temperdturcs. ECC injection
wds sprcified by uxtrapolatinq calculated Ec’CkIII ‘ior from blowdown thruulth
accumulator emptying and continuing the Iow-pressure injection,

Principal performance evaluators Ior the blowclown transient arc system
pronsure for hydraulic process{’!;ill)[lhot-channel cladding tempcratur(’
historirfi for thermal rc:;pnnsc. An important diagnostic indicator i:+ ttv’
density fluid in thv lower plrnum. Figure 3 show~ a comparirmn of systcm
pre~~ure b~tween calcul~ltionand experiment. The agreement is adnqunto until
about 13 n into the transient, After that the calculated dupressurizatiun
rate is gr~ater than the measured rate ~nd the experim~ntal end of l~lowclown
lags the calculated time by about 15 s, ‘1’bus,the analysiu shown the end of
tho refill period to h at about 45 e, wher(~asin the experiment, this event
oc(:ur~ntt~r 50 s. The cladr!inqtempor~ture hi~tory in the hot channel (Fig.
4) ll~il~(’ilt~!l an unrlorpredictlonof tho m~xir,lllmtrmp~r,lt~lrphy an much an 75 K,



1 ❑ Code 2= Data

0

Fig. 3.

1209

009

m

i I I I

0 10 2a 3a 4a 30

TM Ca

System pressure history for Test S-07-6 blowdown,

600



&

I

Fig. 5. calculated and measured core inlet density, Test S-07-6 refluod.

Figure 5 shows the core inlet density as calculated and measured. The
measurement shows a voiding of the core at about 100 St follo~ed by a long-
period oscillation in the !.rlletflow. The calculation indicates that the
fluid at the core inlet remains a rk~se liquid. The observed downcomcr void-
ing also Eoll.nwedthe pattern of cure inlet density, whereas the calculation
shows the downcomer to remair~liquid-filled.

The base-case code-data comparisons demonstrate a need for incorporating
mechanisms of liquid voiding in the modeling of the Semiscale Mod-3 clown-
comer. A primary contributor to this vviding behavior was determined, on
~sttest rcvlew, to km extensive vapor generation attributable kc)unantici-
pai~d heat transfer from the downcomer wall to the fluid, An additional stu(lj’
was made, incorporating wall he~t transfer in the analysis and providing aomc
facility for voiding rlowncomer liquid by changing to a Wilson bubbl@-rifi(’
model in the rlowncdtwrvolumes. The results of the study indicate(la t~lldcll~qj’
to improve but failed tc~provide acceptable code-data agreement.

Temperature histn~iea arc ahcwn in Fig. 6 for the claddinq at a location
appr~~imately at cot’,?midplanc, The measured temperature is compared with the
renults of both the hasu-c”,seanalyain and the revised an~lysis. When vt?i~!ng

and meauuremenl (Fig. 6: show a
as the core outlet [,CJW alsu
slight temperilture rise !n the

meaaured temperature--thu rliffer-
thc cali’u]tlt~cnl to sustain the

..)().



Fig. 6. Cladding surface temperature at the 1.84-m elevation in the
hot channel for Test S-07-6 with addikion.~1calculation.

L1. RELAP5 DESCRIPTION AND EXAMPLE COMPUTATIONS

The RELAP5 development objectives is an economical and user-convenient
code for system transient simulation of LWR L(ICA and non-LOCA transients.
RELAP5 i’.an advanced, one-dimensionalt fast-running system analysis code. It
is a completely new code based on a nonhomogeneous nonequlibrium hydrodynamic
model and features top-down structural design with the significant program-
ming elements coupled in modular fashion. To a great extent, the development
of RELAP5 has been i~lEluencedby the experience gained through the development
and usage of the tU2LAP4series of codes. This is ev:dent in the emphasis
placed on the convenience with which both the developer and the user can
interface with the code.

The RELAP5 code includes the thermal-hydraulic ar,dmechanical models usvd
to describe the processes that occur during-
accidents in an LWR. Compncnt process
branches, abrupt flow area changes~ pumps~
heat tra:lsfer,neutronics, and choked flow,
have been integrated into a versiltilcnystom

4.1 Progra::Status

transient operation and po~tulated
models are included for pipf;s,
accumulator, valves, plant trips,
These, as well as othe~ mod”’l:;,

code framework,

The RELAP5 code is now operutiontll,ha:;been tested on hypothetical prulll(!m!;
as well as actua: cxpnrlmcntal system~, and 1s in usc at t}w Idaho Natifmdl
Engineering Lahordtnry for pre and pmttcst predictions c)lthu LOFT, Snmi$c:alo
and PBF exp~rimrnt:;. The first vcraion, RELJ4P5/MODO,is availallllIl“~(mlthr
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National ‘ Energy Software Center at Argonne National Laboratory.” A code
description and user’s manual are also available. All the discussion and
example computations presented herein refer to this version that was developed
for modeling the blowdown portion of an IMR LOCA. Development of RELAP5 is
continuing and a new version will be completed during 1980 that includes an
accumulator model, ~int neutronic~, a noncondensibie component of the vapor
phase, small-br,eakstratification models? improved heat transfer models, and
faster cunning capability, ., .,

4.3 Model Description

drodynamic Model. The hydrodynamic model developed for the RELAP5
code3F~3J includes the important physics of the two-phase-flow process,
~hile incorporating any simplifying assumptions consistent with the end use of
the model. ‘l’heprincipal simplification is that one of the phases exists at
the saturation state. Generally, it is sufficient to specify that the least
massive phase be at saturation~ i.e.? the phase that is either appearing or
disappearing. The specificat on of one phase temperature greatly reduces the
amount of constitutive information that must be provided relative to inter-
phase and overall energy transfer. All interphase energy transfer mechanisms
are implicitly lumped in the vapor mass generation model. Thus , a single
correlation replaces the need for constitutive relations for interphase energy
transfer, distribution of external energy transfer between pr,as.zs~and distri-
bution of energy transfer between sensible heat and heat of vaporlzacion. In
addition, only a single overall energy equation is required.

The two-fluid nonequilibrium hydrodynamic model includes options for
simpler hydrodynamic models. Included are a homogeneous flow model aria/ora
therrt?s equilibrium model. Tile two-fluid or homogeneous fiow models can be
used with either the nonequilibrium or equilibrium thermal models, i.e., four
combinations. The primary reason for inclusion of the homogeneous/equilibrium
option is to permit the code to be compared to existing HEMcode results such
as RELAP4 for the purpose of checkout and development.

Field Euuations. The basic
equilibrium model consist of the
phasic momentum equations, and the
five equations. The equations are
with time and one space dimension

field equations34 for the two-fluid nm-
two phasic continuity equations, the two
mixture total energy equation--a to~tilof
employed in stream-tube differential form
as independent variables and in terms of

deuendent variables,- which are time- and- volume-averaged quantities. The
phasic mass conservation equations arc summed and difference to obta.’n a
mixture continuity equation and an equation for the temporal variation of the
mixture quality.

The phasic momentum cquatiof]sare also used as a sum and differrncc. q’}111
aum equation is obtained by rlircctsummation of the phasic momentum equation::

with the interface conditions substit’ltcd where appropriate. ‘l’he diffcrenc(!

of the phasic momentum equat~.~nsis obtained by first dividinq the vapor and
liquid phasic momentum equation~ by tho respective product of pha~ic void
fraction and density and, :;uhse(luently,subtracting, HcrrI ayain, thr! intvr-
face momentum conditions are employe(ln

Thu mixture total energy equation is obta~ne~i by summing thv phasic
en~rqy equations. This mixt.ur~equation is transformed intu the equivalent.
thermal energy c~]uatlon by u:;ing the momentum equations to obtain a mechan~c~l

energy equation, which is subsequently subtracted fr(jm t}lc total enerq’i
equation. Here aqain the interface conditions are employed to simplify thu
resulting cnvrgy equation. The reason for selectiflg the thcrm,ll en’)r(jy
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equat”ion “rather than the total energy equation is tha’t She development of the
numerical scheme is simplified. The thermal energy equation does not involve

time derivatives of the kinetic energy and thus fewer new time variables will
appear in the approximate finite difference equations.

State Relations. The dependens variables that appear as temporal and/or
spatial derivatives in the five field equations are density, pressure, static
quality, mixture internal energy, and the two phasic velocities. The phasic
properties also appear in the spatial derivatives and as coefficients of the
derivatives. To obtain a determinant system, the state relationship must be
employed wherein density and the phasic properties are expressed as f~nctions
of the pressure~ static quality, an”~mixture internal energy. The state 01
the system is established from this information and from the specification
that one of the phases exists at the prevailing saturation condition.

The state of each phase is established by specification of the pressure
and phasic internal energy (only the pressure is needed to specify the state
of the saturated phase). For the cage of subcooled liquid or superheated
vapor, these states are established using tabular equilibrium data as a func-
tion of the pressure and phasic internal energy. For the pseudo states of
superheated liquid and subcooled steam, the properties are extrapolated along
isobars using property derivatives evaluated at tne corresponding saturation
state.

In addition to the state properties, derivatives of the mixture density
with respect ‘:0the pressure, static quality, and mixture internal energy are
required in &he numerical solutic scheme. These derivatives can be expressed
in terms of the isothermal compressibility and ~he isobaric coefficient of
thermal expansion, both of which are available from the state properties data.

Constitutiv Relations. A primary fezture of the RELAP5 hydrodynamic
model is that only two basic interphase constitutive relations are required,
i.e., interphase mass transfer and interphase drag. The specification that
one phase exists at local saturation conditions replaces the need for ener<~y
transfer and partitioning constitutive relations, both between phases and
between eack phase and the wall. The only heat transfer correlation required
is the overall wall-to-fluid correlation. The RELAP4/MOD618 convective heat
transfer correlations are used for this purpse. The remaining required
constitutive relation is for wall friction. Here again, an existing two-phase
multiplier correlation has been adapted.18

In summary, four constitutive relations are required by the hydrodynamic
mode1--the vapor generation rate, the interphase drag, the wall friction, an[l
the wall heat transfer. These relations are primarily empirical in nature as
oppsed to the field equations that characterize the fluid dynamic behavior.

However, the ;>illty of any numerical hydrodynamic model to agree with ur

predict physical phenomena with accuracy will depend heavily on the accuracy

of the constitutive relations.

The vapor generation rate is the re~ult of several m(~chanisms such as
interphase energy transfer rate, the energy partitioning between phase change
and sensible heat, interphas~ ~l)rface Irea, nucleation site density,

turbulence level, etc. Tn RELAIJ5, all of these separate but interactlnq

mechanisms are modeled by .] :,ing!e dirwn:;io.lless correlation. This vapor
generation model was developed hy merging the results of three independent and
widely varying investigations. The three approaches are (1) a mechanistic

and Saha35 based on interphasemodel by Jones cxchangv* (2) all

‘nc;~y from th~?MJIISempirical dimensional correlation by Hourlayer,et al., Dick
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data,” and (3) the
sionless groups and
these efforts was
establish the scale

,.
results of a dimensional analysis to establish the dimen- ‘
functional form of the vapor generation rate. The last of
completed as a part of t+e RELAP5 project 3 in order to .
dependence of the va~r qcneration function.

Interphase drag consists of two parts--the dynamic drag due to the
virtual mass deceleration and the st.eac?ydrag arising from viscous shear
between phases.’ The dynamic drag has been included because of the effect it
has on the sound speed and hence, “the chokiny criterion. The dynamic drag is
calculated hsed on the induced mass of a spherical bubble (or drop) in a
mixture of vapor bubbles (or liquid drops) and liquid >r vapor). The steady
drag depends on the flow regime and the relative phdSe v LOClty.

The flow regime map used in RELAP5 is a simplifi~d Bennett map 37 for
vertical flow and is similar to the one used by TRAC.8 The flow regimes are
classified into the general categories of dispersea, se~>arated, churn
turbulent, and transitional flow.

Constitutive relations for the steady dcag are formulated for the
separated and dispersed flows based on semimechanistic models. The drag in
the transition regimes is calculated by linear interpolation on tne reciprocal
values of the separated or dispersed-flow drag coefficients defined at the
bour,dariesof the particular transition region. This yieldr. a continuous
variation in the calculated uelativc velocity. The calculation of the drag
due tc the virtual mass effec: is based on an objective and symmetric formu-
lation of the relative acceleration proposed by Lahey.38 This formulation
involves spatial and temposal derivatives of the Fil~~e velocities with ,2
correlation tor the virtual mass coefficient of Zuber’s. -

The wall friction force terms only include wall shear effects. Form
losses due to abrupt area change are calculated using mechanistic form-less
models. Other form losses due to elbows or complicated flow passage geometry
are modeled by specified energy 10ss coefficients. Wall shear losses in
piping systems are USUO1lY smail compared to form losses, thus a relatively
simple approach that yield~ an accurate steady-state frictional pressure drop
is employed.

The HTFS modificdtlon of the Baroczy two-phase friction mulkipli’.!r
correlation40 was used with tile Colebrot]k correlation for the .=ingle phase
friction factoc including wall roughness eff~cts. Both laminar and turbulent
flow regimes are includccl. The two-fluid hj~drodynamic model requires that th~
wall friction forc~ be partitinnml between the liquid and v~~r pha~es. rt,r’
method used in RELAP5 1s hscd on void fracti ~n partitioiling of th~ frictic-l!~
force. The phasic friction components are normalized so that thp sum of thv
phasir. frictional forcc3 aqre~s with that deri,ed frum the two-phare
multiplier appro.’ch,

Heat Transfer Correlation:;. The wall heat transrcr corr~lation:; usccl In-— .-— .-——
R13LAP5/MODC) arc adaptations U1 the hlowdown heat tran:;fcr package f rc.m
REI.AP4/MOD6.]8 In adopting thr RELAP4 packarjr?, the correlations wr’rc c!nl)-
verterl to scientific notation units aml only the Condie-Ucngst(m corrclationi;
wcrn retained for u:;c in tllc transition all(l film Ix)ilin(] reqions. In ad(li-
tion, the proccrluro for applyinq correlations was modified to climinato th~
need for iter:ltionand r.o allow :IIPsarm? procl?durp to be usat)ll?for horh
steady-state an.1transient calculntituls.
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‘~ecial Irocess Models. Special models are used in FJLAP5 for those
processes that have small relaxation times or are so complex in nature that
tl,ey must be modeled by quasi-steady empirical models. Break flow, internal
choking, abrupt area change, and branching are examples of processes having
shor t relaxation times compared to component transport times. The hydro-
dynamic performance of pumps and valves are examples of processes that are too
complex to be modeled from first principles, so empirical correl~tions are
used. The use of quasi-steady models for break flow and flow at abrupt area
changes results in considerable computer time savings since it eliminates the
need for fine nodalization at such points.

A break flow mode141’42 i~ included for calculation of the mass
discharge from the system at such pints as a pipe break or a nozzle in the
case of scaled experivnts li!e Semiscale or LOFT. Generally, the flow at
such breaks is choked unttl the system pressure nears the containment pres-
sure. The RZIJ4P5 break flow model is used to predict the flow at such system
discharge points and is also used to predict and calculate choked flow at
internal Pints in the system. The model is based on characteristic theory in
which a criterion is developed for the conditions under which propagation of
pressure signals upstream just ceases. This theory applies to all two-phase
conditions. Additional theoretical considerations have been employed Lo
extend the break flow model to conditions of subcooled liquid flow that
flashes at the point of mass discharge.

The general reactor system contains piping networks that consist of many
sudden area changes and orifices, In o~der to apply more efficiently the
hydrodynamic model to such systems, analytical models for these components
have been developed,43 The RELAP5 abrupt-atea-change model is based on the
Bourda-Carnot44 formulation for a sudden enlargement and standard pipe flow
relations, including vena-contracta effect, for sudden contractions and/or
orifices. Quasi-steady continuity and momentum bal;+nces are employed at
points of abrupt area change. The numerical implementation of these balanccc
is such that the hydrodynamic losses are independent of the upstream and thp
downstream nodal
jump conditions
sectional area.
linear semi-impl

In order to

zation. In effect, the quasi-steady balances ar~ employed as
that couple fluid components having al)rupt change in cross-
This coupling process is achieved without change t,) th~ kJaSIC?

cit numerical time-arlvancemc!nt scheme,

model flow in interconnected piping networks, it i:: neccs~ary
to model the two-phase fluid process at tees, wyes, ant’ plenums, A qeneral
description of the two-phase flow process is complicated I>y the possil~llity of
phase separation effects. 45 However, there are many situati >n!i where wye or
plenum branching is adequate for both flow ml!rging ancl clivision, Typici.1]
situations are parallel flow paths through the reactor core, jet pump fl[-Jw

mixing sections, and any branch from a vessel of large cross u?ction (in this
case the fluid momentum is small and it is entirely pe~missil)le to neglcc:t the
momentum convective terms) . For hranchinrj situations whprc phase separation
effects due to momentum ancl\c-Jr Ijo(ly force effects ~r~ important, a bran[;tlim’
algorithm has been dcv~lopf!d’ in whictl the parallel or w’)~e I)ranchinq mcwlr]
is used to map the two-dimensional situation onto tho (jl)(-(lllnen:;ional Gp,I(’p ()[
the fluid model.

The RELAP5 pump mrxlr’1 i:: n rtr{liyht L’c]rward convursioll ‘)f th{’ l{l;L,APfi
centrifuq~l pump model,]’ Thv pump is int.~?rfac~d to Lhc unequal vf’loli(;’
hydrodynamic mcjdel of RELAP5 quite nimply I>ya~[;i]rn~ng that (he he,~d devnlcjp~d
l~y the pump i!; :;imil,~r t.() a }x>(ly !’or~:~, trrm t,llat, uppo,nr:; clIlly in t)ltl mixturr!

qll-
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momentum “equation. The pump dissipation term for the thermal energy equation
is computed from the total pump power (given by torque times rotational speed)
minus the rate of fluid reversible energy addition.

Numerical Methods. The RELAP5 numerical solution scheme34 is based on
replacing the system of differential equations with a system of finite dif-
ference equations, which are partially implicit in time. In all cases, the
implicit terms are formulated to produce a linear time advancement matrix,
which is solved by direct inversion using a sparse matrix algorithm. An addi-
tional feature of the scheme is that the implicitness has been selected such
that the five field equations can he reduced to a single difference equation
per fluid control volume or mesh cell in terms of the hydrodynamic pressure.
Thus, only an NxN system of difference equations must be solved simultaneously
at each time step. (N i the total number of control volumes used to simulate
the fluid system.)

The difference equations are based on the concept of a cor.trolvolume or
“mesh cell” in which mass and energy are conserved by equ~ting accumulation to
rate of influx through the cell boundaries. This results in defining mass and
energy volume average properties and requiring knowledge of velocities at the
volume irlletsand outlets (junctions). ‘;ne junction velocities ate co:lve-
niently defined through use of ,momentum control volumes that are centered on
the mass and energy cell inlets and outlets. This produces a numerical r~h=mc
having a staggered spatial mezl~. The scaler properties (pressure, energy, and
quality) of the flow are defined at cell centers and vector quantities (velo-
cities) are defined at the cell junctions. The resulting one-dimensional
spatial norlingis illustrated in Fig. 7. The term cell is used throughout the
discussion to mean an increment in thw spatial variable corresponding to the
mass and energy contz~l volume.

The mass and eneryy dilfcrence equations for each cell are obtaine(lIjy
integrating the 6tr’eam-tUkJl’ formulations for the mass and energy equations
with respect to the spatial variable, x, from the Junction at Xj to xj+l~

The momentum equations, on the other hand, are integrated with respect to thr:
spatial variable from cell center to adjoii,ingcell center (XK to x,,) as
seen in Fig. ?. In all cases, the correlation coefficer,ts for averaged pro.”
ducts are taken as unity so that averaged products are replaced directly with
products of averages.

Several gene:al guidelil~efiwere followed in dcvelo~~inq tt){.overall
numerical scheme, ThcRc q~+flclinesare summarized below.

1, Mass and f!nergy inventories are very important quantitiefi illwatl~r
reactwr snfety analysis and as such the n~lmericalschr!mp dh~ul(lI)u
consistent and conservative in these quantities (a grcat(,r~loqrl’t’ r~f

approximation for rnomcntum eifect.a was considered ac(-optabll’). Ijlltt)
masr.i and crncrqyare conv~ctrd from the uame cell and eacl) is PvaLu-
atvclat the same Limo ]vvel (i.e. , maas density is evalu,ltm] at I~Ltl
timv level m energy d[}n::ityis nl:;ocValtJtI!nd at old time).
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Fig. 7. Difference equation nodalization schematic.

3. To further enhance computing speed, the time level evaluationswere
selected so that the resulting implicit terms are linear in the new
time variables. Where it was necessary to retain nonlinearities, two
term Taylor series expansions about old time values were used to
obtain a formulation linear in the new time variables (higher order
terms were neglected). High computing speed is achieved by eliminat-
ing the need to solve large systems of nonlinear equations iteratively.

A well-posed numerical problem is obtained as the result of several fac-
Lors, TheEe include the selective use of implicitness (evaluation of spatial
gradient term~ at the new time)~ donor formulations for the mass and cnerqy
flux terms and usc of a “dunor-like” formulation for the momentum [lIIXterms.
The well-posed final numerical schernc (as well as its accuracy) has l.IQr!n

demonstrated by extensive numericai tc~ting during development,

~etem Code Devt?lopment. The primary emphasis in thv system CO(IC dcuian
of RELAP5 has been to achieve an economical code, Attention has ken focuswi
on reducing computer time per mO~I,point pe~ advancement. Tim{?stvp control
algorithms have been included to minimize the number of advanccmr?nts. Dynamic
storage has been uGed to keep the computer memory rccluirem~ntnto n minimum.

‘1’hruser’:!tim~ ill t~ttinqup, dchugqinq, and intr!rpretinYreGu]tG jr;al!:,)
fiignificanto User conveniences significantly reduce [w~,rall simulati(]n
C08t6m Thn :;yntcm codu include::many mod~liny disciplincc such as t)ydro-
dynamic~, PIIIII~JH, valve nction:l,heat tran~fer, and n~utronicn. I.lw”ill]!l(! tho

details of th~ system mu:;l ljP (Ic.:;cril>od t,o the program, the rcquiremr?r,tfor a
large amount of data cannot tw avoid~d, ThIIH,Ust!r-ori(’ntedinput, cxt[’nnivl’
error Checkingt and Sovcral f(~rmsof printed and pluttrd output are provir!ml.

Exprionce gained from th[’dr:vrlq)mentand usc of R1;LAIJ4ha~ Ghown that.t(}
achi?ve true ecoilomy,the cotl~!structure munt provide for ease 0[ adtlitim ,Ind
mndllication. Caru h,?u hem taken in Mk;LAl15to ntructuru data file::UINI
program organization in a modiilarfalJtlion~n order tc)a(:h~cvc~tllil;(ll)lll.

-27-



The RELAP5 code is organized into four basic parts:
initialization, transient calculations, and the output

these parts is summarized ill the following.

The code contains extensive input processing routines

input, steady-state
functions. Each of

designed to help the

user find input errors and in a small number 05 checkout runs to obtain an
error-free input data deck. The input processor is designed to process all
input for every’ job submitted and to list the errors. In this respect =
input routine is similar to a FORTRAN complier. The error-checking routines

find impossible or conflicting data specifications and misapplications of the
various models. The input routines also process program control data for such
functions as major/minor edits, writing of restart records~ and creation of
plot files.

The steady-state portion of the code is intended to produce the initial
conditions for starting transient calculations. This capability is currently
incomplete, and the input and generalized restart features are used to provide
this function. The initial conditions can be input, or a transient calcula-
tion can be made to achieve a steady state and then the generalized restart
feature is used to modify the configuration and initiate the transient,
Transient hydrodynamic, heat transfer, and neutronics calculations are
performed in the transient portion of the code. Other functions are time-step
regulations and trip logic calculations.

The output portion of RELAP5 provides both major and minnr output edits at
specified intervals, prepares r~st~rt rccor~s, and generates pint fil~c for
graphical output. RELAP5 has an internal plotting feature for grapt]lc~l
output, and can also be usecl with any external plottlny packaqe. Internill
diagnostic edits are provided whenever the code falls due to water proprl-t’i
errors, which are generally symptomatic of an unrealistic model lIICI condition.

4.4 RELAP5 Example Calculations

l’he RELAP5 code has been used to model several se?arate-l:f[ects exp~’ri-
ments and some limited system experiments. The separate effects expcrimc’nts
that have been modeled include the Edwards 3-inch46 and 13-inch pipe hlow-
downs~ the Edward~ Phase II two-pipe blowdownj the Mohy Di/:k Run 447; .tho
General Electric one-foot vessel level swell; the Marvik’:n 111 Tests 4,42
22, and 24; Semiscale Tests MIK1-2 S-01-4a, Mod-2 S-06-2, ancl Mod-j S-f17-6147
and the LOFT Tests L3-0, L3-1, and L3-2, These tests have been used for
developmental assessment. In all cases tho performance achiovr~d usinq th(’
code has been goorl. The LOF’r sy~tern tpst s~~ulatlong are the must r~c;ent

applications of the COCIU and good acjreement with data was achieved whil~
requiring a CPU time less than real time for the L3-2 experiment prepediction.

Three represcntativt? applicaticmu of tt~c code that will I)c {;ummariz~’tl in
the following discussion are the Marvikcn III Test 4, khCI SemiRcalv M(xl-.)
Test S-07-b, an[l the l,C)FT LOCE L3-2 small-break tcct,



The purpose of the Marviken III Test 4* was ‘~o establish choked flow rate
data for a large scale nozzle (500 mm in diameter) with subcooled and low-

quality water conditions at the nozzle inlet. A schematic of the pressur~
vessel, discharge pipe, and test nozzle is shown in Fig. 8. The pressure
vessel was initially filled with water to an elevation of 16,8 m above the
discharge pipe inlet. Th~ s:eam dome above the water level was saturated at
4.94 MPa. The water level was at nearly saturation conditions for about 6 m
below, The waLer was subcooled by about 30 K below the saturated fluid after
a small transition zone. The initial temperature profile is also shuwn in
Fig. 8.

The nodalization used for the numerical simulation is also illustrated in

Fig. 8. A nearly uniform cell length of about 1 m was used everywhere. No
special nodalization was used in the nozzle region. This was possible beci.iuse

RELIP5 includes an analytical choking criterion that is applied at the throat
of the nozzle.

The caiculdted’ hlowdown transient was simulated by opening the d~sch~rye
piFe outlet to the ambient pressure. The measured data consisted of pres-
sures, differential pressures, temperatures, and mass discharge rates inferre(l
from pitot-static pressure data. Corresponding valu?s were calculated anti
comparisons are shown in Figs. 9 and 10. Figure 9 shows the pressure history
at the vessel top. Except for an initial noncquilibrium undershoot (at al)out
3s dftcr rupture) , the dcpressuriz~tion process was essentially 111 equili-
brium. The calculated blowdown rate was In agreement with the syst(’m bluw(lown

rate, and since the deprcssurization rate was controlled by the’ l)r~ak mass

flow, the fact that the prrszure profiles were in agreement demonstratcc that
the discharge f]nw wau modclr’[1 accurately.

t4x(’- ;’04,tiny 19”/’1,
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The flow oscillations resulted in core temperature oscillations, and completu
quenching of the core

The RELAP5 model
volumes connected hy
that large sectic~ns
component can then be

did not occur until 500 s after rupture.

of the Semiscale Mod-3 system is divided into contrr,l
junctions. The code uses component-oriented modeling so
of the system can l)e identified as a component. ~r,,.>

subdividfidto obtain the needed detail. A schematic of
th+: model for the Semiscale hlod-3system is ohown in Fig. 11. This nodaliz,~-
tion diagram can be compared to the isometric drawing or the Semiscale systcm
shown in Fig. 2. A total of 133 control volumes i;~terconnected by 143 flow
junctions were used. A total of 109 conduction heat structures (shown a:;
shaded areas in Fig. 11) were used to represent heat transfer from pip~?ran(l

structural parts af the system. TWelve heat structures (one for eaf:h pcw(’r

step) wrre user]to represent low-powrr heater rods.

The model was initialized by running the calculation at pre~critwd inilial
conditions until steady state was reachl?d. The transient calculation wafi thf’n
mad,’ from the initiation of rupturr through blowdown ant! r~~flo(xl to 200 :;,
Tl,ccore power, pump coastdown, and KC ratt,u wcrr t.nkrn t’rorn th,’ expt’rin’~’nt~l
data,

-11-
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sliahtly under the sL’rface (80-K difference ex’lsted at the initial sceady -
state conditions) . Calculated temperatures reached a peak of 1150 K, which

agreed with the test data. The decrease in heater rod temperature beginning
at about 12 s after r ‘Pture was a result of water draining from the upper head
into the core.

The RELAP5 simulation of the phenomena associated with ECC injection,
refill, and reflood were equally encouraging. The test was simulated from
initiation of pipe rupture +.hroughreflood in one calculation without reno-
dalization. At 19 s, Che system pressure reached 4.14 MPa, and the ECC water
from the accumulator began to flow into thn system. During the accumulator
ECC injection period. the difference in the calculated vapor and liquid
temperature clearly indicated thermal nonequilibrium existed.

One of the most interesting aspects of Test S-07-6 was the multiple

filling and emptying of the downcomer and core as mentioned earlier. The
downcomer depletion benavior and the effect on the core thermal response dur-
ing reflmd was ref~ected in the fluid density. Figure 13 shows calculated
and measured densities at the cente- cf the downcomer. Both the calculated
values for the density and the periodic mass depletion behavior compared well
with the measured data. In the calculation, the ECC water penetrated into :he
downcomer at 65 s, wllil.ethe test d~ta showed this to occur at 50 s.

The oscillation in the downcomer mass flow were controlled by the time
period when the Subcrmled water was present in the downcomer. When the flui.i
t~mperature reached tile s~t.uration temperature, vapr was generated and the
b~’drostatichead in [he d~wncomcr decreased. Some of the coolant was then
~pelled from the top of the downcomer. When the downcomer hyd] static head

decreased sufficient;’ as a result of mass depletion, the ECC water COUICI
again flow into the uowncomer. The heating? expelling, and refilling process
was repeated periadic~lly.

Th~ measured hc;lter roa surface temperature rose and decreas~~las wat~r
left and entcrt’d the L:.)re. The calculation also showed the oscillation in Llle
heater rod tcmperaturel Figure 14 shows the calculated and measured ro[l
temperatures at the h~t and averaae channels near the axial peak power zonf!.
The calculated maxim:’m and mirlinlumtemperatures compared well with the! tc~t
data before 100 s. Tne calcula~ed frequency of the temperature oscillation
was close to the melsured Frequuncy after 100 s, The calculated tem~leraturf’

cf the hot channel ga-~~ iJ lower val~e while the temperatuu~ of the avora(q~~
channel was too high. me a’ierdge of th? two temperature fell witl)in thr’

measurerl data. I’wochannels wore used to model the core and no cross-flow WG,;
dllOW@d between tie two channel:;, This core model nppears to be the cause fou
the ~iSCrePdhCY k~.’<’eri th~+calculated and roasured rod tf.inpcraturcs.

This analyGis c(?firmccl thilt. Scmiscal~ Mml-3 Teut s-07-6 was modelr~t] w~:ll
by RELAP5 during th; hlowdown lt)riod and that it giverl reasonable qual)titotlvr
results for th~ refill :~ndretluod por(oda of the test,

LOFT TEST L3-2. ‘Fllpr~u~llk:;l)t,~!iontc[lhere repres(~r~ttl]t?first timr tll(lt—.
the lu2LAP7code wan UHG,IIor a formflll)retentprediction.

A LOPT Facility c~c’Jcriptlun m“cl a nummary of the LWE L3-2 key event~ are
included in Ref. 4h ‘l’ho n(xlalizatlun unQd in the RELAP5 calculation wan
nimildr to the nudnli:.~~i~]i) u!ttd fur the REL,\P4 hl~wdown calculation r)f LOW

@l@Vation differenc(’n exiut, tII(?
ne IICeeIId~nnity gradients. Thr

- \’l-
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Fig. 14. Calculated and measured temperature of heater rod at the
hot and averaged channels n;ar axial power peak.

REU4P5 nodalization also includes ‘simulation of the potential bypdss flow path
between the reactor vessel inlet diinulus and upper plenum. The rlodalization
scheme is shown in Fig. 15.

The liquid separator a,~d mist extractor of the steam generate! secondary
system are modeled by modifying the donor loimulation of the convective terms
at the separator junction (COmponent 10). The steam flow control valve is
assumed tc~ have a linear area change with stern position and a zero-inertia
constant speed driver. The RELAP5/hloDO valve subroutine required modification

to model this type of valve. The sophisticated trip logic in RELAP5 allows
simulation of the valve controller. The steam generator outflow is connected

to the air-cooled condenser (Component 16) where the pressure is sp~cified,
The feed flow is input as a function of time,

T]le ECCS System Is represeflted by Components 168, SO(), and 50s (SPC Flq,

15). LOFT Accumula~:)r A, corn~nent 168, is modeled usinq the RELAP5 accum~]-
lator model, The LPIS and liPIS pump model~, Compunentc 505 and S00, rcspot--
tjvf31y, required moclificatiot~ to the time-dependent junction subroutine in
RELAP5 so that the flow provided hy the~e components cuulrl be specific~ti (1:1 u
function of downstream pressure. T}IP ori[ice at. the brpak plane is modelo{l I)y
a valve having an open area (’qual to I_llo area of the d~illed break orifice.

-35-
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Fig. 17. RELAP5 predicted cla’?dingsurface temperature.

predicted to drop below the top of the active core, thus the cladding surface

temp~rature response shown illFig. 17 is calculated to be benign.

The calculations showr. here were run faster than the simulated time, i..?~.l
less than 7500 s of CDC-7600 CPU seconds were required to simulate sy:;tem
behavior to 7500 E. The faster-than-real time calculational speed achieved ill
this application was a milestone in the RELAP5 code development. The a~hieve-

ment of real time computational capability suggests the possibility of future
applications such as system s!mulators~ on-line diagnostic computaticn~ anti

system control.

5. TRAC DESCRIPTION AND EXAMPLE COMPUTATIONS

This section presents a summary overview of the Transient Reactor Analysis
Code (TRAC) and a few comparisons between TRAC calculations and experimental
data. Detailed descriptions of TRAC are given in Refs. H and 49, while a
summary of several experimental comparisons is given in R~f. 50.

5.1 Goals and Development Guidcline~

A key goal of thr? TRAC development effort is to provide an advancrvl
bc~t-~st),mate LWR systems ccxlr+ that CaIIcredibly prclict the acc:idcntI)ehavior
of LWRS. The desired predictive ~r@Cll~J~lity is to be established throl,qh the
careful asse~sment of code calculation against a sufficiently broad ranyl: of
pcrtitlcntexperimental dots.

-.ltl-



To accomplish this goal, the following guidelines for the development of

the initial versions of TRAC were adopted.

1. Eliminate user-selected modeling options and parameter variations (or
“tuning dials”) to the degree possible. If numerous combinations o.

modeling options ate used in assessing a code against various experi-
ments, it is diffic~lt to know what c,ptions might be appropriate for a
new situation where no direct experimental data exist (e.g., an acci-
dent in an actual reactor). The goal of the TRAC assessment effort is
to predict adequately a broad range of experiments with no user tuning
from one test to the next.

2. Model important physical phenomena in as fundamental a way as is
practical. Basic modeling should genera’ly extrapolate to new
situations with more reliability than highly empirical approaches.
Such basic modeling also tends to provide more detail on the
thermal-hyd~aulic behavior of a system.

3. Provide sufficient flexibility to allow modeling of all major LWR
designs and pertinent experimental configurations.

Versions of ‘f’RAC developed according to the above guidelines are referred
to as “detailed” versions.

An additional goal of the TRAC effort is to provide fast running code
versions that can be used for such applications as parametric studies, scoping
calculations, licensing applications, and very long transients (e.g., small
breaks) . Some of the major guidelines being followed in the development of
the fast running versions are as follows,

1. Use less detailed (and usually more empirical) modeling to achieve
short running times.

2. Keep as much in common as possible between the fast running and
detailed versions to minimize the amount of needed experimental
assessment.

3. Calibrate the fast running versions against th~ carefully assc:;sf’d
detailed versions for specific applications.

5.2 Development Status

The initial versions of TRAC were detailed versions designed primarjly to
analyze large-break LCICAS in PWRS. The first version, TMC-P1, was rt?lea:;~d
by The Los Alamos Scientific Lakrotor
1978. An improved versjon, TRAC-PIA) ~~’~~~a~~~i~~~~~g~a~~~ ~~~~~~?

Energy Software Center in March 1979, A further rcfinecl and improved version,
called TitAC-PD2,* is scheduled for release in the spring of 1980,

The initial fast running version, TRAC-PF’1, is currently un(lprdcvolopmunt
at USL. Thr! experimental asser,:im~l’t. procens will start in th- spring 01
1980, with ~t~ public rclcasc plannud fur latu 1980, Tt)e devr]o[Jmr!nt of” LI\\’1(
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versions is being carried out at the IGaho National Engineering Laboratory

(INFZ) . The initial BWR version, TRAC-BDO, was completed in February 1980.
!l’h~ first BWR release version, TRAC-BD1, is under development.

TRAC-PIA will be used as a reference version for this paper. In some
cases, the nmdelinq in TRAC-PD2 (as well as calculated results) will he

referred to, however.

5.3 Model Description

Some of the important modeling characteristics of T’IUC-PIA are summarized
in the following section. These characteristics typically reflect the state
of the art in the various areas and were incorporated in pursuit of the goals
and guidelines outlined above for detailed versions of TRJ4C.

~f”ltidirnen~ionalFluid Dynamics. Although the flow within the ex-vessel
components is treated in one dimension, a full 3-D (r,O,z) flow calculation
can be uses within the reactor vessel. This is done to allow an accurate
calculation of the complex multidimensional flow patterns inside the reactor
vessel that can play an important role in determining accident behavior. Fc~r
example, phenomena such as ECC downcomer penetration during blowdown, multi-
dimensiorlal plenum and core flow effects, and upper plenum de-entrainment and
fallhack duri]g reflood can he treated directly.

Th@ flow can be blocked across specified boundaries within a VCSSP1 to
allow modeling of internal structures such as the rlowncorner. Flow restric-
tion can also be specified as appropriate to model structures like Cnrc
sup~rt plates. One-dimensional components can be connected to any vessel
msh CO1l face (including interior mesh cells) to model the apprnprlat~ loop
connections. Fach of these ft?atures is illustrated in Fi(l, 18 whpre a
simplified 3-D vess~l nodinq is illustrated.

‘I’he 3-D hydrodynamics treatment in the vessel will reduce to 2-D (x-y) or
even 1-D qeometry wh~n this is appropriate,

Nonhomogeneous, Nonequilihriun Modelina. A full two-fluid (six-equation)
hvdrfxlynamics approac’h is us~(] tc> c]cscrihti the st~am-wat.or flow wit.h.n ttil’
reactor vessel, thereby allr)winq
flow to he tr~atcd explicitly,
rl~scrih~d usinq a five-equation
standard four-fx]uation drift-l”lux
rnr!rgy eaudtioll. Thus, it i!” not
th~ temperature of either ptlrl:; e ,
tht?rmrxlynarnic treiltm~nt in both

such important phenomena as count.orcurrrllt

The flow in the 1-D loop cc Imnent:” is
drift-flux model, which diff~rs frow thl

approach by the acirtition of a sel)alat~ v,apor
necessary to make ally assumption:; r~qardino

TIlis provides a consintcnt nonequilil,r iurn
the vessPl and loc)p coniponents and [)errrit!!

-40-
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Fig. ltj, Illllstration of TRAC 3-D configuration,

hinq~s on the ability of this packaqe to recognize flow regimes adequately and
to supplv appropriate correlations. ThP flow reg~mes currently consi(iered,Ire
bubbly, slug, and annular (or annular mist) with appropriate transition
rcqions.

In thp case of the five-equation drift-flux model USed in 1-D components,
the interphase slip correlation is also flow-regime dependent. A flow-rcaim~
map has alsn bo~n incorparnterlinto TRAC for this purpose. This is shown in
Fiq, 1,9to serve as an” illustration of thp form of
sk?en,the flow-regime selection is made cm the basis
and the magnitude of the ov~rall mass flux,

The rhtails of the conct’tutivc equation packaqe

these maps, As can he

of vmid (st~am) fracti(>ll
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TA13LEIV

HEAT TWNSFER CORRELATIONS IN TRAC-PIA

Regime

Forced convection to single-phase
liquid

Nucleate boiling and forced
convection vaporization

Critical heat flux

Transition boiling

Minimum stable film boiling

Film boiling

Forced convection to singlc-
phase vapor

Forced convection to two-
phase mixturo

HuriZontillfilm condcnc4ation

Vertical film c(Jnd~llOatiC)ll

Turl)ulnntfilm condnn}:ation

Correlation

laminar flow : constant Nusselt numh~r
turbulent flow : Dittus-Boelter

Chen

low flow : Zuber pool boiling high
flow I Biasi

log-log interpolation

low pressure I Henry-13erensonhigh
pressure 1 homogcnmus nucleation

free convection 1 McAdams turbulent
flow t DittuM-Boeltcr

Chatlj
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,.
Conduction models a“re used to calculate ‘temperature fields in 1-D

(cylindrical) pipe walls, lumped-parameter slabs, and 1-D (cylindrical) fuel
rod g~ometries. Pipe wall conduction is used in the components outside the
vessel~ whereas the slab and fuel rod cw?duction nmdels are used in the vessel
mochlle. The fuel rod conduction analysis accounts for gap conductivity
changes, metal-water reactionl and qu~nching phenomena. A fine-mesh axial
renmling capability is available for fuel rods to allow more detailed mdeling
of reflood heat transfer and tracking of quench fronts due to bottom flooding
and fallinq films.

In TftAC-PIA, quench fronts are advanced using an empirical velocity
correlation. Experience with this ai’preachhas indicateflthat it is difficult
to nmdel low floodinq rate experimental data accurately. A new reflood rend-l

. has been incorporated into ‘1’RAC-PD2 that explicitly accounts for axial heat
conduction near the front.

Fach fluid,mesh cell in the core region can contain an ,arhitrarvnum!jerof
fuel rods for the purpw of fluid dynamicn calculation. However, heat
transfer calculations are only performed on one average rod and one hot rod in

I each core mesh cell as shown in Fig. 18. The average rod represents the
avernqe of the ensemble of rods in the mesh cell, and its thermal calculation
couples directly to th~ fluid dynamics. A spatial power peaking factor and
local fluid conditions in the me~h cell are used in the hot rod calculation,
hut this calculation does not feed back to the hydrodynamics. ThP total core
pnwer level is determined from either a tnble lookup or from the solutic)nOr
the point-reactor kinetics equations, including decay tleat (6 delayeu neutrl>n
groups and 11 decay heat groups). The spatial power distribution is specified
by separate radial and axinl power shapes in the core plus a radial di~t.rihu-
tion in the fuel rod,

Component and Functional Nodularjty. TRAC is completely modular I)’;
component, The component mcxlulen are a~s~mbled through input data to rnrxlel
virtually any PWR design or oxperimnt.al mmfiguration. This gives ‘1’RACqrent
versatility in th~ pn~sihl~ ranae of applications, It also allows comporvnt
moflulesto be impr(we(l,modifiprllor add(wlwithout di:;turl)lnathe rfimainrlor(If
tha ~odP, Moclul~R are availahls to model accumulatnrfi,pipF15, pr~nsurizors,
pumps, steam anncratorsl t~esl valvt’sland vescrls with associdtofli!lterna]s.

5.4 FJurrw’ric,n]Metlwxlc



cell”averaging employed to produce stability. When the semi-implicit approach
is used~ a standard Courant stability criterion must be observed.

The 1-D flow equations are written in two separate finite difference
forms. One form is the semi-implicit, ctaggered difference approach mentioned
above.53 The second form is an unconditionally stable

54
fully implicit

approach. The latter form is used in 1-D components where very high flow
velocities are. expected locally (such as near a break during the hlowdown
phase of a LOCA). In such cases;” the fluid velocity Courant condition would
necessitate very small time-step sizes in a semi-implicit formulation. A
fully-implicit component can then be substituted. Thus, TRAC allows the user
to blend semi- arid fully-implicit formulations in the same calculation to
improve computing efficiency. The actual finite-difference equations used in
TRAC are too lengthy to reproduce here (especially the 3-D equations). The
1-D drift-flux equations are qiven in Appendix A, while the others can be
found in Ref. 8.

Iterative ‘“methods are generally u~ed to solve the ‘finite-difference
equations. Each time step in the transient calculation consists of several

. passes through all the components in the system. These passes, whose purpose
is to converse to the solution of the nonlinear finite-difference equations,
are called outer iterations. If the outer iteration process fails to
converge, the integration time step size is reduced and the time step is
repeated.

The solution procedure during an outer iteration begins with a
linearization of the equations for each 1-D component. This results in a
block tridiaqonal system in which linear variations in pressure and other
independent variables (vawr fraction, liquid temperature, and vapor
temperature) are solved in terms of variatiol ‘n the junction velocities for
the component. If there are no vessels in tii.,calculation, these linearized
equations are combined with the linearized junction momentum equations to

obtain a closed linear system for the junction velocity variations. This
system is solved by direct mcthodr and a back substitution is made to updato
the remainir,gindependent variables. Therefore, th~re is no inner iteration
proces5 involvd for 1-D components,



The fir~t is used to find steady-state conditions for a system of arbitrary
.- configuration. The second is applicable to PWR systems and is used to adjust

certain loop parameters to match a set of user-specified flow conditions.

Both calculations utilize the transient fluid dynamics and heat transfer
routines to search for steady-state conditions. Tile search is terminated when
the normalized rates of change of fluid and thermal variables are reduced

below a user-specified criterion throughout the system. For a given problem,
computer running times for steady-state calculations are generally much
smaller than those for transient calculations.

All TRAC versions to date have been developed on CDC-7600 computers,
TRAC-PD2 is currently being converted for use on the CRAY-1. It is antici-
pated that future release versions wili also be converted Lor use on IBM
computers. Fast running versions will additionally be available for use on
DEC/VAX machines. Computer runnlnq time is highly problem dependent., It is d

function of the total mesh cells in the problem and the maximum allowah
step size. The total run time for a qiven transient can be estimated
unit run ‘ of 2 to 3 ms per mesh cell per time step on a CDC-7600 w,
averaae time step size of 5 ms.

5,5 TRAC Example Calculations

e time

from a
th an

A major part of the TRAC development effort involves the comparison nf
calculations with experimental data. This experimental assessment process
proce~ds in two phases. The first phase, called developmental asse$smont, is
an integral part of the code development effort. It consists ot num~rous

~sttest analys~s of experiments coverinq all aspects of L,OCA phenomenoloq’j’
and serves as an aid to model development and evaluation, A COCIQ version is
not released until it has adequately analyzed a predetermined set of exp~rl-
ments. Data comparisons from nine experim~nts were formally documentpri as
part of the releas~ of TRAC-PIA.50 These experiments are listecl in Tal>le V
to illustrate the scope of the developmental assessment process, The! ass~ss-
ment set to be documented with the release of TMC-PD2 is consirierat>lylaryer ,

Followinq ttl(? releasf! of a qiven version c)c TRAC, an lnd~penfi(’nt;
assessment phase is initiatrd. ThiR phase empharizps l~llnd pr~tll~t pr~’dic:-
tinns to establish predictive capability, The inrlcpendpl~t assrs!;mcllt to dato
has ~mphasiz~d lQFT ~!xperimentn hut is expanrlinq to incllllle nthpr facilitir,!;

such as IORI and thv ,lapanes~ cylindrical Coro Tes’ Facility,



No.

1

2

3

4

5

6

-1

R

9

TABLE

TRAC-PIA DEVELOPMENTAL

Experiment

Edwards Horizontal Pipe
Blowrlown(Standard Problem 1)

CISE Up+eater3 Pipe 1310wdown
(Test 4)

CISE Heated Pipe Blowdown
(Test R)

Marvik~n Full-Scale Vessel
(Test 4)

Sr+miscale 1-1/2 Loop
Isothermal Blowdown (Te~t
1011, St~nrlarrl Problem 2)

Semiscale Mod-1 Ileatcd Loop
Blowdown (Test S-02-8,
Standard Problem ‘,)

Creare Countercurrent F1OU
Experiments

FI,F,CIJ’J’Forced Florxlinq
Te~tfi

Nonr,uclcarI,OFT lllowd~lwn
with Cold l,en Injection

(Teat 1,1-4,Standar(l
Problem 7)

I’

A

v “

SSESSMENT ANALYSES

Thermal - Hydraulic Effects

Separate effects, 1-D critical
flow, phase change, slip, wall
friction

Same as 1 plus pipe wall heat
transfer, flow area chanqes, and
gravitational effects

Same as 2 plus critical heat flux
(CHF)

Same as 1 plus frill-scale effects

Synergistic and systems effects 1-D
flow, phase change, slip wall
friction, critical nozzle flow

Sdnm as 5 plus 3-D vessel model with
rod heat tran’;’er includinq nucle,~t(’
boiling, DNU, and post-DNB

Separate effects, countercurrent
flow, interracial draq and heat
trrrnsfer, cond~nsation

Separato effects, reflood h~,~t
transfer, quench front propan,?t~o:l,
liquid ~ntrainment an(lcarryover
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The TRAC model of the Creare vessel i’s shown in Fig. 20. The 3-D vessel

module used 112 computational cells with the mesh lines indicated in the
figure.

The calculational procedure paralleled the Crearm experimental procedure.
A steady-state calculation was performed to establish a constant reverse steam
flw and lower,plen~Jmpressure. This steady-state calculation was run until
J*

!=
(the dimensionless reverse core steam flow rate) reached a ccnstant

va ue. This normally took about 3 s of EIimulation”time. ‘l’hetransient calcu-
lation was then started with the initiation of ECC injection into the three
intact cold legs. Results for two KC injection rates and levels of suhcrwl-
ing ●re compared in Fig. 21. The low subcooling cases injected 30 gpm of ECC
water at 212°F, while the high sukooling ca%es injected 60 gpm at 150°F.
The reactor scale injecticn flow rate is 60 gpm. The system pressure ranged
from 1 to 3 atm.

The basis ,for Selecting theee two penetration curves was to s,eparatcthe
basic phenomena determining whether ECC bypass or deliv~ry will occur. These
phenomena are interracial momentum and ●nergy ●xchange between the liquid aml
the ste~m. For a low subco~linq case, the only ●ifect that can produce hypas::
is the interracial drag between the staam and the liquid. The calculated
~.l?tratfnn cur.~~ f~r this caw gives an appraisal of the constitutive
relatirtnshipdescribing interracial momentum ●xchanqe. Moreover sincl! Lhm
calculations cover the range of complete bypass to complete dumpinq, different
flow reoimcs exist in the dosncom~r at the bypass point than at the complet~’
delivery point. In the nigh suhcooling case, the interfac!ialheat transf~r
becomes significant in detr?rmininqthe quantity of liquirlrlelivered. As can
he seen, the TR,?Ccalculations agreed very well with both of the ~xporimental
penetration curv~n. CnmFarisons such aa these indicate thnt compl~x multi-
dimensional phennmena, $turm!)as HCC bypass, can indeed I)P mcd~l-(1 with th-

rather funrtam~nt.almorl~lin[l~pl~roncll~.crkonin thr dctailcrlv~rsirtn~of TRAC.
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Fig. 2S. Hot-leg br~ak mass flow
rate for SemiScale Test S-02-8.
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LOFT Test L2-3.

Test L2-3 simulated a dou$~c-ended cold leg break and was conducted frnm
an initial pw~r of 37 Mwt. The TRAC morlcl consisted of 27 components

with a total cf 32? fluid mesh cells. There were a total of 12 axial levels
in the vessel, including 5 axial levels within the core reqion. A total.of
l~p fluid cells were u~ed within the vessel, includ~ng 60 within the core

itst?lf. ThF rpf]ood fine mesh was initiated 10 s after acrumulatnr iniec?tion
started. Th@re were 5 uniform fiile-mesh intervals for each axial level,
qivlnq a total.of 25 fine cells.

T!IP initial system thermal and hydrnulic conrliti~ms for th~ prr~:ost

calculation were obtained usinq th~ st~ady-state option. Good agreement was
ril~tainwlh~twc~n thp calculated and measured conditions.
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E: =erience to’date in predicting K)FT “experiments has been encouraging.
In p’.ticular, TmC has done a good job of predicting the overall thermal-
hydraulic behavior of the large-break IJJCAtests. Areas where specific models
needed to be improved have also been identified, however. For example, the
tendency of TRAC-PIA to underpredict subcooled break flows, as meiltlonerl

above, was also obsi?rved in subsequent small-break test analyses. This has
led to modeling improvements that will be incorporated into future code
versions.

6. CONCrLISIONS

The material presented in this chapter illustrates that substantial
progress has been made in meeting the need for reliable and efflci~nt LWR

‘ safety analysis codes. The recent best-estimate codes provid~ lncreaspd
predictive reliability through much more comprehensive modeling of irrportant

“ thermal-hydraulic phenomena and much more extensive and methodical a~sessment
aqainst experimental data. In addition, the replacementof ,user-controlld

~ nption9 and tuning dials with more fundamental modeling is ●nhancin~ the
predictive credibility of these new codes.

As indicated earlier, much of the code development and assessment effort
~ to date has heen mainly directed toward the large-break LOCA. Thr hlow(l~’wn

anrl refill phases of these accidents can be well character~zPd with t!lo

available system codes, and steady proqresc is beinq made in mocielim th~
reflood phase. Perhaps the most difficult issue remainin(] with rnq~r,.1 t[~

larg~-hrmk ~CAs is esFahlishinq th~ ability of the codes to extrapol,lt~l t.)
full-size PWR behavior.

Although murh of the CO(l(’doveloprnentto date is also applicat)]r t,) slca]]
break IOCAS and other ~.ostulatrd transients, :;omr! n~w mlwl,~linq fc~dtur,?s ~r~~
required. In adriitinn, Lh(? rcxi(~r must ho very fast runninq to dllow andl’;:;ir

of very lonq transient::. Th(’refr)atures ar~ cllrrentiy Iwinq emph~qizl$(i in tll~
rlevelopm~ntof RFI,A!’5anrl tho fast runnin”lversions of th(. TRAC cwdo. (’on-
sidnr(al]lra,q.s(~:;sm~’l)t -emains L( 1~1*rlonein thi:;area.
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APPENDIX A - REVIEW OF

A.1 INTRODUCTION

Any reasonable set

SOME NUMERICAL TECHNIQUES USED IN LWR SAFETY CODES

of equations that could be used to describe the thermal
hydraulics of a nuclear reactor under accident conditions would be far too
complex to allow analytic solutions. The increasingly sophisticated digital
computers that are available for scientific purposes do allow numerical simu-
lations of the fluid mechal~ics and heat transfer, however. Two fundamental

difficulties with any numerical procedure are: (a) approximations must be

made that may not illways preserve the exact character of the original equa-

tions and (b) insights into the solutions (such as unstable regions, peak

variable values, etc.) are not attained as readily as with analytical solu-
tions. Despite these difficulties, numerical modeling can provide information
on the response of the whole system that cannot otherwise be obtained. This
Appendix covers some of the aspects of hydrodynamic modeling of large reactor
systems using finite difference schemes.

A.2 FINITE DIFFERENCE EQUATIONS

Consider the following set of hydrodynamics equations

p :“ p (P) .

(A-1)

(A-2)

(A-3)

Here, P is the density, V the velocity, and p the Pressure.

We #ish to approximate the partial differential equations in such a way

that a digital computer can integrate the equations in space and time with a
consistent technique (i.e., orl~ which in the limit as At * O and Ax + O
returns a solution of the original differential equations).

Although there are a vast number r procod~lres that could be used, aii of
the current major reactor syst(?m cod( (TR.ACt RELAP5, and CWM ~F) GMPIW tl~~
same basic difference scheme and solution technique. This particular sch~me
is relatively easy to code, is stabl~ for moderatu time-~tcp sizes, and LS

robust and reliable.

The spatial fiiffercncing USGS a staggered menhA-l--stt]~jyrlrd Imcdusc the

momentum e~iuations are written over volumes half a mesl) cf~ll up or (Iuw])gtrvam
from the vf~lumes over which the ncalar field equatjons aru providrd. ~llrl

heavy linpu in the Eollowiny [igure indicate a typical 1-D c~)mputatic)l)al III(ICII,

while the dotted linc~ chow where thp momt ntum equation:} wil 1 b writtvll

ILIIzr.-:[
I
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The subscript i indicates a mesh cell center. All the thermodynamic vari-
ables, i.e., 9 and p, are located at the center of the scalar cells, while the
velocities are located at the center of the momemtum cells (scalar cell edges).

Reference A-2 by Liles and Reed provides a more complete description of
the solution procedure that is now delineated. A finite difference approxi-
mation to Eq. (A-1) becomes:

fl+l-dxL4x5!! . (A-4)

At AX
,

where the superscript n implies the old time quantities and n+l implies the
new time quantities. The momentum equation, Eq. (A-2), becomes

The time levels for the convective terms are chosen to allow the wave speed

Courant limit
(V+C) At

to be violated (see Ref. A-3), but not the material
vLR < ~

Courant limit, ~ . In these expressions C is the speed of sound and V 1s

the material velocity. It should be noted that Eq. (A-5) can be rewritten as:

v
n+l

=;
At

(

,$p

)
- &ri f

1+$ i+$-p, 6A.~: i+]
1+$

and

11+1
~])i = Pi - r: ,

which ia the pressure change during th~ t.infe step,

We shall next linenrizc the oquatl~)n-of-gtate

and writ? a firnt order Taylor ne~i{’!; cxpfinsic)n for II n+l , i.e.,i

(A-6)

(A-7)

(A-B)

(A-9)

(A-1O)

Combining (A-4), (A-6), (A-9) , anfl (A-1o), we (Jl)tain (uno mor(~ momvntum

11+ )
Pquation must ho written for V

b+)



(A-n)

It should be noted that in order to complete the finite difference scheme,
variable values are required at locations where they are not defined. Auxi-
liary equatior,s are needed to obtain closure. To obtain stability, donor cell
averages are used.

P.
1++

0,),, if V
1

JOi++ —

J2. , ifV, < 0 ,
1+$ = p i+l 1++

(A-12)

It should be noted that pressures in the momentum equation cannot be donor
celled. If they were, waves could not always propagate in all directions and
stagnation regions could be uncoupled from the remainder of the flow field.
One of the great virtues of the staggered difference s heme irI that close
coupling of the pressure gradient term occurs naturally with the velocity and

Viltresults in rliagona~ly dominunt moLric.cs (if —.”: 1).
Ax

A.3 SOLUTION STRATEGY

This provides us with a tridiagonal matrix ~,n pressure to solve. Direct
elimination or a Gauss-Scidel iteration can be used. The total calcu’e.tional
sequ?nce occurs as fallowsl (u) a first pass over the mesh for Eq. (A-7)
provides “trial” new time velocities, (b) Eq. (A-l]) is nolved for preseure
with all the old-time quantities known either from initialization or the
previous time?tep, (cl the thermodynamic equation-of-state (Eq. (A-3)) i~
solved for the new denaitleu, This finishes one timostep.

A.4 1-D DRIFT-FLUX EQUATIONS IN ‘l’WC’

This name tec!hniquc can I)(I uu@d for tl~e moru coml~licat~d two-pha~~ flow
equationn in reactor safety corlv:;,A minimum morlol that clencri’mn adequately
both thermal and velocity nunequilihrium is the five equati~~n drift-flux
mocl~l. This approacl~ in UDPCI In t.h~ 1-u c:omlx)nentu in ‘l’NJK’. ‘I%p f’~ll[jwiny
text develop~ thone equotionn UINI d~~cril)a:; how they ar~ !;olved.

A- 1



Mixture Mass Equation

jpm+ & (Pm Vm) =0

Vapor Mass Equation

(A-13)

(A-14)

Mixture Equation of Motion

Vapor Thermal Energy Equation

2

[

(1(1-J) (Ii

+Px —: v1 Q + 1111
(’m r m%q + ‘iq - 1’ Jt !3(1

(A-16)

Mixturw Thermal Energy E-ion

[

(1-’.1) \’t flf~ (c, -c,,)

1

iv
.!:! (,) ;’ ((,ln”n,vm).I + .-——

m
Q ) + --- ...-. v +P~

mm, Ilm r

wh@re

(A-17)

(A-10)

A-4



aml

(lp v + (l-a) PI VI
v= *

m Pm

.

(A-19)

(A-20)

The expression for em is the same nS Eq* (A-lg) with v repl~c~!dby e. In
addition to the thermodynamic relations that are required for closure,
specifications for the relative velocity (Vr)t the interracial Ileattransfer

(qi )1 the phase change rate
1

(r), the wall shear coefficient (K), and the
wal heat transfers (qwq and qwg) are required. The correlations used for
these quantities will not be discussed. Gamma can be evaluated from a simple
thermal energy jump relation

(A-21)

(A-22)

(A-23)

The quentitie:i hig~ hip, and At are evaluated using a cum~)licatrd
entimate of the flow regime iner?acial heat transfero,

Wall heat transfer Lerms ,lssume khp forml

qwq “ hwq*wq(Tw - Tq)/vol (A-24)

snd

‘JW,,● hw,~,(Tw - TJ, ]/vol (A-2’])

A-’,



the break. To alJ.eviate this problem, a set of unco~ditionally stable, fully-
impliclt difference sq~ations was written for use in pipes where the fluid
velocities are expected to be high. Only the fi~st semi-implicit set will be
consid~red.

The equations ar? sulved for one-dimensional pipes using the staggered
difference scheme on the Eulerian mesh. State variables such as pressure,
internal energy,and void fraction are obtained at the center of the mesh
cells, which have lenqth Axj~ and the mean and relative velocities are
obtained at the cell baundarics. Because of this staggered difference scheme,
it is necessary to form spatial averages of various quantities to obtain the
finite difference fot-mof ths divergence operators. To produce stability in
the partially impl.iritmethod, a donor-cell average is used of the form,

‘W’j+$ - ‘j”j++

“Y
j+lvj+lj

for V
j++ 20

‘or ‘j++ < 0 ‘
(A-26)

whele Y is any state vari~ble or coml>inationof state variables. An integer
subscript indicates tha’:a quantity is evaluaterl at mesh cell center and a
half integer denotes th~t it is obtained at a cell boundary. With this
r~otatiOn,the f{nite di~i~rence div(jrgenccOpeKakC)r iS

Vj(w) ~ {A, “YV’ ‘ ~YL’~ ~-+)/vol, ,
J+:a g+; -“j-$ (A-2”))

where A is the cross-section area, and Volj is the volume of the jt]] cell.
Slight variation,,of ~hese donor-ceil terms appear in the ~rclL)LIFy ~quation of

nmtionm [Jonor-cell,averllge};are of Clloform

. Yv$:lj ● Yj”:,+l,

.
■ Yjv;,j+l>

and th~ dnnot-cell of the term

\, ‘, v -v
111,11’) 11’, nl 11),11’,

“ - \’ )j/\X, rlll” L’
Ill, Ill)

‘, (1
Illi 1-’: !11, 11’)

+“’ );,’!Y,, , rut v
m,l+~ ‘v v ,(),

Ill, !,+.,,’, m, ,1~‘. 11},11’)

(A-7~)
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Given the preceding notation, the finite difference equations for the par-

tially implicit method are:

Mixture Mass Equat ion

(Dn+l
m - P:)j/At + V (P V~ “:+’,=0 ,

~a por Mass Equation

n+lpn+l
((3 ~ - anp~)j/At + VJ(anpNn+l) + V, (Pzv”) E r ,

gm 3

(A-30)

(A-31)

Mixture Energy Eqllation

~pn+len+l
mm

o~e~)j/At + Vj(pne\n+l

[

m mm ) + ‘Jj ~n(en - e~)v~
fg

1

=. P
1[

;+lV, vn+l + C“(A -
)m f on

](
+)vn + qj,wg + q

r j,wk ‘
9 “~

(A-32)

Vapor Energy I?quation—

(A-33)

(A-34)

A- ‘1



where

—
Ax .

3+$ )/2 ,= ‘*xj + ‘Xj+l (A-35)

(A-36)

and

-n n
o

m,j+$ = Pm,j

n= Pm,j+l

for V
j++ 20

for V <O.j+j (A-37)

If the appropriate caloric and equations-of-state are inserted and a
first-order Taylor series is used to evaluate the new time state quantities,
we obtain block tridiagonal matrices in the variables,-i , P, TLt Tv. These
can then be solved and passes made through the thermodynar.lies to obtain new
densities and energies for both phases. This basic numerical procedure
extends to the two fluid model and may be also used in multiple spatial
dimensions (although the resulting arrays are no longer tridiagonal).

Thig Appendix will not address a wide ranye of numerical problems such as

numerical diffur;ion, numericol viscosity, and formal truncation accuracy,
~uferenc{:A-3 cOntain~ di~cll~s~,c)n~or somu of these other important points.
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